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X INTRODUCTIOX 

laws to include all the special uncertainties of fluvial development 
which **good practice" has so often been expected to insure. 

3. Outline of the Treatment of the Subject. — It therefore seems 
important to give fundamental consideration to principles underlying 
operations; and this purpose has dominated the writing of this book. 
Not only are those scientific laws presented which are of proved 
relevance, but also other propositions w^hich give promise of reducing 
many uncertainties of procedure to definite details of control; especial 
care has also been taken to discuss quite fully the methods and 
results of experimental investigations and other endeavors to secure 
a more complete knowledge of the laws involved. It is not as an art, 
but as an applied science that the regulation of rivers must especially 
develop; and in the measure that scientific principles govern will 
these public works prove successful. 

A prior knowledge of such essential subjects as Surveying and 
Hydraulics is assumed, to the extent to which they form a part of the 
standard college course in civil engineering. Consequently the scope 
of the discussion of such introductory features includes only those 
topics which the author's experience has found necessar\' in order to 
insure an adec|uate comprehension of the whole subject. Figures, 
statistics, plans and operations are not given exhaustively; but they 
are,, instead, summarized or selected as representative types to 
illustrate and elucidate fundamental principles. This ordered con- 
centration of treatment, although more difficult to effect, should 
offer a better grasp and a truer perspective of the general subject 
than can any other arrangement. The many references in text 
and footnote are given not only to cite authority and to convey due 
acknowledgment, but also to particularly direct the attention to a 
paper or book of great value for desirable collateral reading on the 
subject under consideration. The complete reports of the Chief of 
Engineers, U. S. A., naturally constitute the origin of the greater part 
of the available information upon the general subject of the regula- 
tion of rivers in this country. 
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but intensified. The accumulated momentum of successful rivaln* 
has served to increase their competitive resources in various essential 
particulars. 

The discriminating rates, which were inaugurated to secure to 
each railway system all the business possible, crystallized (in the 
seventies) in a number of traffic associations covering different parts 
of the country and organized for the purp)ose of fixing and controlling 
railway rates. In the general region north of the Potomac and 
Ohio Rivers and east of the Mississippi River, railway rates were 
established as a percentage, in proportion to distance, of the base- 
rate plus fixed or terminal charges. Thus, taking the base-rate. 
New York to Chicago, as 25 cents per hundred pounds, and 
deducting 6 cents terminal charges, left 19 cents as the base- 
rate for mileage; for Indianapolis, distant 833 miles from New York 
City, the computation gave 5iro X 19, or 17^ cents; to which the 
terminal charge of six cents was added, making the total Indianapolis 
rate 23^ cents. South of the Ohio River the "basing point" 
system of tariffs prevailed, in which rates to trade centers having 
waterway or railway competition form the basis of the various 
schedules, to which competitive rate was added the local rate from 
such competitive point to any non-competitive place even though 
the local place were between the shipping station and the basing poir.t. 
A similarly complex system of fixing rates as affected by competitive 
conditions at commanding trade centers on the basis of fixed differ- 
entials, and modified by various special considerations, controlled the 
railway tariffs from the Mississippi River to the Rocky Mountains; 
e.g.f the rate on grain from a town in Nebraska to the east consisted 
of the local rate to each locally commanding trade center plus the 
rate from each of those commanding centers to the east so adjusted 
that the total rate should be substantially equal by whatever route 
shipment was made. On transcontinental tariffs competitive condi- 
tions again controlled, this time due to ocean competition, which 
resulted in common rates on west-bound traffic from points east of 
the Missouri River to the Pacific coast, to which were added 
arbitrary charges to points at a distance from the coast; and the graded 
zone tariffs on east-bound freight. An example of such irrational 
methods is furnished by the statement that rates from St. Louis to 
some cities in Nevada have equalled that from New York to San 
Francisco, plus a rate from San Francisco to the Nevada localities 
which has in some instances exceeded the transcontinental portion of 
the total. 
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river for that year as 11,486,278. The average mileage of this 
traffic is not stated, but assuming this at four-tenths of the navigable 
length of the river, the prorated capital charge is 0.38 milj »er ton- 
mile. Twenty percent of 1.8 mills is 0.36 mill, and the suni^>^> 4he 
three gives about 2.5 mills per ton-mile as the estimated comparative 
water rate on the Monongahela. 

Similarly, the same report gives the total expenditure under the 
original project for the improvement of the Ohio River for almost 
1000 miles (instead of the 600 miles of the above estimate) as $7,314,- 
153, which, at 3 percent, amounts to an annual charge of $219,425. 
The commerce of 1910 amounted to 8,676,701 tons. Making the 
same assumption as to the average length of haul, the prorated charge 
would be about .06 mill, the 20 percent profit would amoimt to 
about 0.15 mill; and these amounts added to the carrier *s estimated 
expense of 0.76 mill aggregate a trifle less than i.o mill per ton- 
mile as the comparative estimated water rate on the Ohio, unim- 
proved by locks and dams. As the estimated amount for the 
completion of the improvement of the Ohio River to a navigable 
depth of 9 ft. by the construction of locks and dams, etc., is given 
as "indefinite," similar estimates of total comparative rates by 
water transportation cannot be made. 

The actual cost of transportation on the old Erie Canal in boats of 
240 tons and 6 ft. draft is stated to be 1.75 mills per ton-mile; 
and the expected cost when the enlargement shall be completed to 
accommodate boats of 1000 tons is given as 0.52 mill per ton-mile.^ 
Fifteen years ago the average river rate for a series of years upon 
wheat from St. Louis to New Orleans was 1.33 mills per ton-mile, 
including transfer to ocean steamships at the latter city. Coal 
has been shipped from Pittsburgh to New Orleans at a rate of 
less than 0.4 mill per ton-mile.* 

The reason for this very low river rate (which equals that offered 
for westward freight on the Great Lakes by vessels returning light 
for their eastward cargo, and which seems to be exceeded only on the 
ocean) is the great advantage of loading the freight on barges of 
moderate draft and combining them into a fleet lashed to the single 
towboat which controls the movements of the combination. This 
system is now characteristic of the Ohio River below Louisville 
and of the Mississippi from the mouth of the Ohio to New Orleans 
in handling large shipments economically. The number of barges 

' Report of the Committee on Canals of New York State, 1900. 
'House Doc. No. 492, 60th Congress, ist Session, p. 1x2. 
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tenance ujx)!! the existing traffic, which makes the improvement 
economically unwarranted until the tonnage becomes sufficiently 
large; a principle that applies with equal force to railways, or other 
similar enterprises. 

When it is remembered that France had expended (i 821-1900), 
on the construction and maintenance of about 10,000 miles of inland 
waterways, more than $449,000,000; Prussia (to 1906), on 8750 miles, 
about $133,000,000; Russia (in the last hundred years), on 22,000 
miles, more than $500,000,000; Belgium (to 1905), on 1300 miles, 
about $101,000,000; and the United States government (to 191 1), on 
28,600 miles, $383,958,205 by the federal government, and about 
$214,000,000 by states and corporations,^ it is very evident that a 
heavy traffic is necessary in order that the fixed charges as theo- 
retically prorated upon tonnage carried shall not be excessive. In 
fact, so serious has been the discrepancy between expectation and 
fulfillment that, of the mileage statistics given above for Germany 
and France, nearly 30 percent is "not available for navigation"; 
and this country has, in the last three decades, abandoned nearly 
3,000 miles of canals and canalized rivers on which there had 
been spent more than $70,000,000. The average density of 
railroad traffic in the United States exceeds 1,000,000 ton-miles per 
mile per year, while in the case of some lines it reaches four and five 
times that amount. The average density of commerce over our 
improved waterways is not known, but it is probably less than 
100,000 ton-miles per mile per annum. In France the corresponding 
figures are about 400,000 for the railways and 400,000 for the water- 
ways; in Germany, 800,000 and 1,500,000 respectively; and in 
Belgium, 550,000 for the waterways. In view of these general 
statistics, the relatively flourishing condition of transportation on 
European waterways, and its general unsatisfactory condition on 
our own, is not remarkable. Still more evident is this influence 
when we note the high relative density on those waterways which are 
notably serviceable in commercial activities; the figure for the 
German Rhine on the 265 miles between Mannheim and Emmerich 
exceeded 20,000,000 tons in 1910; for the Seine between Paris and 
Rouen, 3,300,000 tons; the Hudson, about 18,000,000;* the Great 
Lakes, more than 50,000,000; the Ohio, 2,800,000; and the Monon- 
gahela, 3,600,000 ton-miles per mile per annum. 

^From "Preliminary Report, U. S. National Waterways Commission," p. 30, 
McPherson's "Transportation in Europe" (1910), and private information. 
*S. Doc. 301, 61 Cong., 2d Sess., p. 48. 
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depth involves a deepening and perhaps a widening at certain places, 
which become rapidly increased in number as well as in dimensions 
for each additional foot of depth desired, if the improvement is made 
by the process of excavating shoal places; and, if effected in other 
ways, the proposition is similar in principle; that the cost increases 
very rapidly with the depth obtained. This ratio of variation is 
necessarily different in each case considered; but it averages, perhaps, 
more or less as the third power of the ratio of the proposed depths to 
the naturally navigable depth. 
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On the contrary, the economy of transportation increases notably 
as the tonnage of boats increases ; and further the ratio of tonnage 
to draft, or to depth of waterway, is also a rapidly increasing one. 
Again, both these economies follow no definite mathematical law; 
but a typical diagram (Fig. 5) is given illustrating suggestive 
average values of the ratio between cost of transportation and the 
tonnage of the boats used; while the second diagram (Fig. 6) 
similarly shows roughly the relation between draft and tonnage of 
boats, as averaged from a large number of transportation routes. 
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Of course, these two diagrams can be united into a single one (Fig. 
7, p. 30) showing directly a crude, but typical, relation between 
draft and cost For example, if it is desired to make a preliminary 
estimate as to whether it will pay to deepen a natural channel of 6 
ft. to one of 9, when the estimated tonnage will be 2,000,000 per 
mile, and assuming that Fig. 7 represents the relative cost values 
at the locality in question, we find that for a draft of 5 ft. the cost 
per ton-mile is 1.70 mills, and for 8 ft. it is 0.82 mill. The 
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difference multiplied by the estimated annual density of traffic 
gives $1760, which is directly justified as an annual expense per mile 
for this improvement; while if permanent works of regulation are 
planned, the interest charge being estimated at 3 percent and 
maintenance and depreciation at 2 percent, an average initial 
expenditure not exceeding $35,200 per mile is allowable. The final 
figure of this supposed example would be increased by the estimated 
value of the collateral benefits mentioned in the latter part of this 
chapter. 
This example and the diagrams merely suggest the basic principles- 
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they cannot be considered mathematically accurate, nor even neces- 
sarily approximate, as they may be in error 50 percent or more 
when applied to a particular case because of the variations in kind, 
dimensions, motive power and speed of boat, facilities for freight- 
handling, and other factors whose influences are averaged. For 
example, the custom of largely overcoming the disadvantage of 
deficient channel depth by uniting a considerable number of barges 
into a single fleet towed by one power-boat, would greatly change 
the cur\'es of the diagrams. However, such special diagrams, al- 
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Fig. 7. — \ cost-draft diagram. 

though differing in position and curvature, would undoubtedly be 
similar in general form to those here given. This discussion, then, 
simi)ly illustrates the economic law which is to be applied in such an 
investigation; the relative values which shall be used in each case 
are to be derived in conformity to the particular circumstances and 
conditions. In any case there is a certain navigable depth to which 
it is economical to improve the waterway; for less depth than this 
the cost of the works is justified by the resulting economies of trans- 
portation, but for greater depths the costs increase faster than those 
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of waterways upon the growth of population, industries, property 
values and taxable wealth which results so naturally, in regions of 
natural resources enjoying a maximum of economic freedom, where 
commercial facilities are wisely developed in a way to form the most 
adequate transportation systems obtainable. The wonderfully 
rapid industrial progress of Germany has occurred simultaneously 
with her notable development of waterway transportation facilities, 
enabling inland regions to compete successfully with great industrial 
centers which were naturally situated more advantageously in the 
strategy of the world's commercial rivalries. The country tributary 
to the improved river Rhine has rapidly grown in industrial impor- 
tance, until it now produces more than 60 percent of the total 
manufactures of the German Empire. Much the same amazing 
industrial progress has occurred in the interior of Belgium; and in 
France, along the Seine and from Paris northeastward to the 
frontier, the business activities and transportation facilities both by 
water and rail have kept fairly equal pace in the march of progress. 
In this country, the marvelous economic growth of the Pittsburgh 
region has been accompanied by adequate expansion of rail and 
water facilities for the transportation of ore, coal and other com- 
modities; and other centers of intense activity are experiencing a 
similar development. It is by no means intended to attribute the 
material progress of such industrial centers wholly to waterway 
development; nor is it to be supposed that such transportation 
facilities are without influence. As well might we expect to prove 
either that one's physical powers result only from an excellent 
circulatory system; or, as the contrary extreme, to insist that a 
good condition of arteries, capillaries and veins contributes nothing 
to robustness of body. When constructed in response to commercial 
needs, the arteries of commerce are as truly an item in industrial 
progress as are the arteries of the human body an essential factor 
of physical vigor. In estimating the value of a waterway it is, then, 
only just that due credit should be given for whatever amount of real 
industrial growth is justly attributable to the influence of its operation. 
Undoubtedly the indirectness of benefit and the difficulty of the 
analysis necessary to correctly estimate the effect of a waterway 
improvement upon the general prosperity of a tributary territory, 
leads frequently to absurdly exaggerated claims, and also often 
results in the opposite error of entirely ignoring such benefits. 
Either extreme conclusion is to be deprecated as an omission of an 
essential factor in the case, through a superficial or indolent attitude 
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toward it. The very indirectness and vagueness of the proposition 
necessitates the most careful study and profound reasoning power; 
and whether these estimated advantages be small or great, wholly 
lacking or even paramount, their determination surely is germane. 
So pervading is the influence w^hich great public works exert in- 
directly upon the general welfare, that the discriminating investi- 
gator will discern and evaluate these benefits even as the detector 
of the wireless telegraph system selects and responds to those elusive 
ether waves which it was so skilfully designed to reveal. A penetrat- 
ing analysis, a constructive insight and a clear vision must all unite 
to secure that completeness of estimate of both direct and indirect 
benefits, which permits a just judgment of the merits of a project, 
the subsequent realization of which proves the wisdom of the 
enterprise. 



CHAPTER II 

GENERAL PHENOMENA 

IS. The General Nature of Rivers. — A keen apprehension of the 
natural condition of rivers and the laws of stream flow is an essential 
preliminary to the consideration of their regimen. The successful 
improvement of a river is fundamentally dependent upon a thorough 
understanding of all those phenomena, both general and particular, 
immediate and remote, which contribute to that resultant condition 
of the natural stream which is to be artificially modified for the pur- 
pose of securing its effective navigation. 

The flow of streams is primarily a physiographic function of the 
drainage of the land areas of the world, carrying the surplus waters 
which fall as rain or snow ever onward toward their ocean goal; this 
onward progress, from their sources toward the sea, is typically 
marked by a general increase in volume and decrease in slope. For 
example, the Cumberland River, which is about 700 miles long, 
flows through the upper one-fourth of its course on an average 
slope of about 7 ft. per mile, though the slope near its head- 
waters is several times this rate and is correspondingly less in the 
lower portion of this section; the middle half of the river has an 
average slope of about two-thirds of a foot per mile but typically 
varying from this in various sections, and the lower one-fourth of its 
length is on a varying slope which averages about four-tenths of a 
foot per mile. Similarly the volume of low water flow is very small 
at the headwaters, gradually increasing toward the head of naviga- 
tion, but through the greater part of this upper quarter of its length 
it "shrinks to a mere brook during extremely dry seasons." The 
river is navigable for about three-fourths of its length, the volume in 
this portion being many times that in its non-navigable part, and 
also increasing toward its mouth. The volume is fundamentally a 
function of rate of rainfall and of area above the place considered; 
and the general slope is essentially a question of the topographical 
conditions of the valley. Both the increase of quantity and reduc- 
tion of slope have the general effect of enlarging the area of cross- 
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further, considering that the headwaters and branches of the nav- 
igable river may (at any one time) be contributing to it very diflPer- 
ently in quantity, the flow from each corresponding to the conditions 
then existing upon its own watershed so that the aggregate volume 
may sometimes equalize through a balancing of various high and low 
stages of the streams, while occasionally it may reach a maximum 
through the cumulative effect of flood waters from each feeder hap- 
pening to coincide with that of the others, or a minimum stage occur 
under opposite extreme conditions; it seems in no way strange that 
rivers are subject to such great fluctuations in depth and width, 
volume and velocity, the minimizing of which is so desirable to the 
interests of the river valleys and so important to navigation. For 
example, the Engineering News of March 24, 19 10, thus discusses the 
causes of the great Paris flood of that year: 

"About Jan. 15, we have the following condition: ihc ground near the 
Marne and its branches saturated with water so that it could hold no more, 
the sub-soil at Paris in a saturated state and the plains and mountains of 
Morvan covered with snow. At this time a thaw set in on the Yonne 
and rain commenced to fall there, and the run-off rapidly reaching the 
Yonne, started down the river toward Paris. From then on untU March, 
warm periods, with rain and consequent thaws, alternated with cold spells 
which stopped the excessive run-off for a time. About this same time, 
too, the sub-surface in the northeastern branches of the river had about 
reached a point where it could hold no more water and the run-off into the 
stream began to approximate the rainfall in amount. Beginning on Jan. 
19, the floods from the fast rising Yonne began to arrive and swell the 
river already rising from the general run-off from the rain-soaked lower 
river. These floods from the Yonne increased until about Jan. 22, when 
they were reduced by the freezing up of the mountain district on Jan. 
21 and 22. It seemed at this time at Paris that a fall of the flood height 
could be expected when the water from the slowly moving Marne and 
Ilaute-Seine reached Paris some four days after the floods from the Yonne 
caused by the same conditions over the whole area. Again on Jan. 
23-25, another warm spell appeared on the Yonne and its rapid run-off 
and flow precipitated another flood on Paris, joining therewith the steady 
flow now coming down from the Marne. These last two combined on 
Jan. 28 to form the crest of the flood. . . . The cause of the flood was, then, 
the recurrence of warm w-eather and rains which allowed the concurrence 
of floods from two rivers which ordinarily would follow^ each other. 
The great height of the water at Paris was due also to other causes, namely, 
the saturated condition of the sub-soil around about the city due to a rainy 
and snowy winter, the very gentle slope of the Seine from Paris to the sea, 
and the excessive number of bends in the river (both of w^hich prevented 
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of these contributing factors, the actual amount of evaporation 
differs very much from day to day, week to week and season to 
season. It even varies greatly with the character of the evaporating 
surface and of the locality under consideration. Observed annual 
averages, for this country, of evaporation from free water sur- 
faces range from about 40 in. in the northeastern states to 100 
in. and more in parts of the semi-arid southwest; while the monthly 
maximum is often five to ten times the monthly minimum. The 
evaporation from moist soil seems to ordinarily range from about 
one-fifth for sand to nearly as much as that from water surfaces in 
the case of loamy earth; but when the top layer is saturated, the 
evaporation is several times as great as when only moist, while 
the shade and wind protection of trees or brush and the effect of 
grass or a surface mulch notably decrease the evaporation from 
soil. 

Transpiration losses occur wherever growing plant life exists, and 
thus tend to offset the reduction in evaporation produced by their 
protective influence as just mentioned; losses from this cause are also 
extremely variable both because of the fluctuating influences already 
mentioned and the different sorts and densities of the vegetation 
concerned. It is stated that a single large tree on a very hot day 
may transpire nearly a thousand pounds of water; and estimates of 
annual losses of this kind in heavy forests reach an equivalent of 
about a foot of rainfall, while for grain fields and grasslands they seem 
to vary from about one- third to an equal amount or more. Com- 
pared to these quantities, the amount of water remaining in the 
growing vegetable fiber is very small. Differently expressed, it 
has been found experimentally by WoUny and Hellriegel that it 
requires an average of more than 400 lb. of water to mature i 
lb. of the dry vegetable product, King found the amount slightly 
greater for Wisconsin, while Widtsoe and Merrill's experiments 
in the semi-arid region of this country indicate that the average 
required is perhaps double that just given; and when this proc- 
ess occurs on a clay soil, several times as much is demanded 
Lafosse estimates that a forest transpires more than 2000 cu. ft. 
of water per acre each day of the vegetative season. The re- 
sulting loss to the soil has been very clearly evidenced by the 
greater depth of the ground water level in forests, which French 
and Russian investigators have found to be from 18 in. to so.ft. 
deeper than in adjacent plains; the larger figures occurring in the 
drier climates. 
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foundly affected by retarding influences that exist upon their water- 
sheds. The principal agencies of this kind result from the topo- 
graphic and geologic character of the drainage basin, the former con- 
sisting especially of the slope of the surface and the latter of the 
absorptive capacity of the soil, while the nature of the soil covering 
also influences the retarding effect. Although this last factor is 
usually of subordinate importance, it is of quite general occurrence. 
Forest lands have a surface composed of leaf litter and humus which 
is capable of readily absorbing several times its own weight of 
water; and un forested areas are naturally covered with grass 
and other herbage whose growth not only restrains the move- 
ment of the surface film toward the streams, but whose inter 
lacing roots and matted tops tenaciously opjX)se the formation 
of gullies into which this surface sheet of water tends to concentrate 
and thus expedite its course to the river; the decaying vegetation 
forms a porous soil whose retarding influence is also beneficial. 

The supreme agency of retardation of flow toward the stream is, 
however, the porosity of the earth. The practically universal oc- 
currence of soil, its enormous extent and great depth, its capacity for 
absorption and the slowness of flow through it, all combine to give it 
general preeminence over any and all other factors contributing to 
this very beneficial result. It is even true that the rocks, notably 
limestones and sandstones, are considerably porous, and add no 
insignificant amount to the vast sub-surface water-storage capacity. 
One has but to recall springs, gushing from rock-fissures in the hills, 
to be reminded of plain evidence of this characteristic. The great 
Kaiserbrunnen, furnishing a large part of the water supply of Vienna, 
bursts from a dolomitic limestone formation about 60 miles from 
the Austrian capital. 

Of that portion of the rainfall which is absorbed by the soil a part 
is, as before, lost by evaporation and the needs of plant life; a part 
continues to flow slowly through the interstices of the soil; while a 
part reappears at the surface, at lower levels than its origin, some- 
times as springs but more often in the less spectacular form of mois- 
ture exuding imperceptibly from considerable areas. There exist, 
then, these vast underground streams which are formed by the 
absorption of water, principally rainfall; and which, in turn, give 
largely of their store to wells, marshes or rivers, wherever artificial 
or natural depressions penetrate below their water-table in a soil or 
rock of sufficient porosity to overcome the retentive influence of 
capillarity. This universal sub-surface flow conforms to hydraulic 
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dred. While this notable difference is due to a combination of various 
causes, there is no doubt that the controlling reason is that of the 
marked contrast in the topographic nature of the two illustrative 
areas. A similar equalizing tendency upon the flow of rivers has 
long been observed in cases where lakes exist, their effectiveness for 
this purpose being the more pronounced as their areas occupy a 
greater proportion of the total watershed. It has been repeatedly 
noted that those tributaries of the River Po which flow through 
lakes are more constant in volume below them than are other 
branches which lack these partial regulators. In the notable flood 
of 1856 the maximum volume of flow from Lake Geneva was only 
11,400 cu. ft. per second, although its watershed contributed to it 
at a rate almost five times as great. The very large lakes in the 
upper part of the valley of the Nile, together with the immense 
papyrus swamp region near the equator, are said to modify the flow^ 
of the river to the north of the Sudd so that its variableness is small. 
In hundreds of instances in different parts of the world, natural 
bodies of water are affording similar beneficial results in modifying 
the great changes that would otherwise occur in the discharge of 
many rivers. Probably the maximum effect of this kind is produced 
by our own Great Lakes above the Niagara River, whose areas 
cover 33 percent of the watershed and which equalize the flow of the 
Niagara to such an extent that its maximum discharge is less than 
one and one-half times its minimum. Table Number i, indicating 
similar proportions for several rivers, illustrates the fact that ratios 



TABLE NO. I 



River 



Seine 

Rhone 

Rhine 

Weser 

Danube 

Niagara . . . . 
Merrimac . . . 

Ohio 

Ohio 

Missouri . . . . 
Mississippi . . 
Mississippi . . 
Mississippi . . 



Place of 
gauging 


Di8charg< 
Mean 


Paris 




Aries 


44,000 


Pannerden , . 


76,000 


Bremen .... 


10,500 


Isakcha 


207,000 


Buflfalo 


212,200 


Lawrence 
Pittsburgh . . 


7,500 


Cincinnati . . 




Kansas City 
St. Paul 


71,500; 


St. Louis . . . 


185,000 


Vicksburg . . 


540,000 



L. W. 

1,250 
17,500 
32,000 
5,300 
70,000 
168,700 
2,000 
1,200 
6,500; 
10,000' 
3,000 
35,ooo| 
65,000! 



H. W. 



83,500 

275,000 

350,000 

140,000 

1,000,000 

257,800 

74,000 

434,000 

676,000 

750,000 

117,000 

1,250,000 

2,300,000 -h 



Ratio of L. 
W. to H.W. 
disch., I to 

67 
16 
II 
26 

14 

li 

37 
362 

104 
75 
39 
36 

35+ 



H. W. 
above 
L.W. 

28 ft. 
18 ft. 
25 ft. 



4 ft. 
26 ft. 
36 ft. 
73 ft. 
38 ft. 
18 ft. 
44 ft. 
59 ft. 
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A careful consideration of their influence upon tl^e high and low water 
extremes of rivers as well as other important effects, such as that of 
the prevention of the erosion and wash of soil into streams, is very 
important. Whatever the result may be, it should be noted that the 
great interests of true forest conservation and reforestation are very 
real economic necessities, and the justification of a scientifically 
developed forestry policy is not dependent upon the assumption that 
it has a notably beneficial effect upon the regimen of rivers. The 
principal advantageous influences of forests are classified in the five 
following paragraphs. 

1. Observations which have been made to determine the effect of 
forests upon rainfall indicate that they tend to equalize and increase 
it locally because of the less variable and lower temperatures in their 
proximity, which favor the condensation of the moisture of the air. 
French investigations of long duration indicate an increase of pre- 
cipitation above forests in amounts up to 30 percent more than 
that outside; others made in Switzerland, Germany, Austria and 
other parts of the world have confirmed this tendency, though 
usually finding a smaller increase in amount of forest precipitation, 
the excess being usually between i and 25 percent; while occa- 
sionally the results indicated a smaller amount in the forests.^ This 
general influence is greater in mountainous regions than in the adja- 
cent lowlands; and it seems to be usually very small, except per- 
haps in cases where evaporation from extensive forests is greater 
than it would be without their presence, thus increasing the supply 
of atmospheric humidity required for the rainfall in the regions 
farther inland.* The equalizing effect upon rainfall is frequently 
apparent, although exceptions are numerous. Both these results are 
generally beneficial, though not necessarily so; as when the resulting 
increase comes in the spring to augment the flood flow from melting 
snows. 

2. The ordinarily very considerable loss of moisture by direct 
evaporation from the soil is reduced by forests to a comparatively 
small amount. This is due to several influences, such as the lower 
temperature of the air and earth in the warmer weather, the greater 
humidity, the defense of the trees against winds and sun, and the pro- 
tection afforded by the humus and leaf litter covering the ground. 
There are, however, various accompanying factors which unavoid- 
ably lessen these advantages to a greater or less extent, sometimes 

* Senate Document 469, 62nd Congress, 2d Session. 

* Science, Vol. 38, pp. 63-75. 
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and looseness of earth. Grass performs this service excellently on 
moderate slopes, and brush and small trees on steeper ones, as in 
many parts of the Rocky Mountains, and in Wisconsin and other 
states where there are numerous areas which have lost their original 
stand of trees but which are now covered with a much more dense 
growth of small trees that better protects the soil of the hills than was 
the case before; but when such substitution does not occur, when the 
slopes are very steep, and where the surface flow is concentrated into 
gullies, the forests offer an unequaled defense against erosion, par- 
ticularly because of the extent and tenacity of the interlacing roots of 
the woodland growths. Perhaps the greatest economic loss from the 
washing away of the soil has been the transformation of productive 
territory into barren wastes; and historic examples of the impover- 
ishment of extensive areas are furnished by certain districts of France, 
Italy, Greece, Palestine and China. The effect which is directly 
most detrimental to the interests of navigation is the increase of the 
shoaling of rivers, to which the detritus, originating from the soil 
wash, later contributes. Such shoaling is often charged entirely to 
erosion resulting from the destruction of forests, while in fact in 
nearly all streams the sediment of the shoals also originates partly 
from tilled fields and partly from the erosion and caving of the river 
banks themselves. Sometimes one agency predominates and some- 
times another; and generally, when a stream is large enough to be 
navigable, the contribution of detritus and silt chargeable to forest 
destruction is a very small fraction of the total amount concerned. 

The preceding outline indicates that the average influence of for- 
ests upon stream flow is usually beneficial, particularly in lessening 
their excessive fluctuations in volume and in reducing their load of 
sediment, although the opposite effect is sometimes produced. It 
also reveals the complexity of the situation, gives evidence of the fact 
that no two cases can be alike in the resulting measure of benefit, 
and illustrates the present hopelessness of attempting to deductively 
determine the degree of damage to be expected from the cutting of 
forests or of benefit to result from reforestation. The amount of their 
beneficial influence is desired in order to determine whether this fac- 
tor, which is one of the few that is at all controllable by human 
agency, may be practically available to alleviate adverse conditions. 
The real proposition is necessarily based, in each case, upon eco- 
nomic grounds; and this involves direct comparison of the total 
cost (including a greater or less resulting restriction of agricultural 
operations and development) with the measure of advantage 
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clearing of timber from its watershed, be considered convincing evi- 
dence of the opposite kind ; because such conditions result from a com- 
bination of causes and the influence of the one is lost among that 
of the others. A similar criticism applies very definitely to all ha^ 
tily assumed or superficiaUy adopted conclusions which have been so 
often seized upon by an eager partisan and reiterated by one and 
another until the average individual thoroughly believes that the 
question is settled with an exactitude which is, in fact. Utopian. 
Even the extensive and careful studies of the last century of such 
European rivers as the Seine, Loire, Po, Rhine, Kibe, Danube and 
Volga, offered indications which permitted very enthusiastic claims 
for those advocating the great importance of forests to rivers; and 
yet at the same time actually, by different interpretation of the same 
data, gave opportunity for strong denial that such influence was 
definitely shown. 

Thus the question still needs investigation and the most discrim- 
inating scrutiny. Quantitative results are few, and their definiteness 
may be expressed as an approximation or a tendency rather than a 
matter of assigned value. Yet in recent years there are several 
instances of thorough studies of this kind in this country, the results 
of which are of much significance. 

In Volume I of "Professional Memoirs" (1909) are given the 
results of the investigations of the flow of theTennessee and the Cum- 
berland Rivers for a period of about thirty-five years. Both are 
navigable. The drainage area of the Cumberland above Xashville 
is 1 1,600 square miles, and that of the Tennessee above Chattanooga 
is 21,418 square miles. The estimated area of these watersheds 
under forest cover at the time of the study is given as about 60 per- 
cent, a reduction of about 20 percent during the latter portion of the 
period under consideration. The cutting of timber occurred prin- 
cipally on the higher parts of the watersheds. The scrutiny of the 
records and of comparative charts prepared from them are stated to 
indicate the following facts: (a) the considerable destruction of the 
fnKHita kan haA nn nntiivnKlp cfFwf niwin precipitation; (b) while 
V in rainfall with a conse- 
iration of high waters, yet 
in usual; (c) no reduction 
river due to the silting up 
;ter than they were thirty 
stream flow was caused by 
le detected. 
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creek with its tributary area of scores of square miles unites with 
other creeks to form a small river, the probability of a synchronism in 
their flood crests is still less; and as successive rivers draining hun- 
dreds of square miles unite to form main streams, such a continued 
coincidence in the various flood volumes reaching successive sections 
of the large river at the same time is almost impossible. It is this 
usual diffusion of effect of floods in successive affluents of a river, 
which is generally characteristic, that powerfully contributes to 
reduce the large contrasts in rim-off of restricted areas to the small, 
and even undetectable, differences in large rivers resulting from 
differences in forest conditions. 

The characteristics of regimen most important for consideration as 
usually given in connection with forest effects are rainfall, average 
run-off, flood and low water flow. As for the effect on precipitation, 
the Geological Survey investigation already considered states that 
"it is not contended here that deforestation changes rainfall occur- 
rences"; and concerning the relation between mean annual rainfall 
and mean annual discharge the statement is made that "there is no 
well established claim that an alteration of these relations is caused 
by a change in forest cover." There remains the question of flood 
and low water effects, and it now seems evident that these exist in 
extremely varying amounts, but typically considerable in the streams 
of small watersheds, and relatively small in rivers draining large 
areas; so slight, indeed, because of the various equalizing influences 
which have opportunity to occur on great river basins, that they may 
generally become imperceptible. It should be noted that the most 
important of these four effects upon their navigability is the low 
water condition; and it is reasonable to infer that the relatively large 
run-off claimed for deforested areas, in the case of summer and fall 
showers, when rivers are usually low, would be especially advanta- 
geous to navigation, rather than the reverse. 

18. The Relation of Storage Reservoirs to the Control of Run-off. 
— It thus appearing that the influence of forests upon stream flow 
is of material consequence only on the smaller streams, attention is 
directed to the two other extensively employed agencies of human 
control; reservoirs offering the most notable artificial method of 
regulating run-off and levees forming the usual system of defense 
against floods. The latter will be considered in Chapter IX. With 
regard to storage reservoirs it may be said at once that, although 
entrained sediment and suspended silt entering them in the tributary 
streams is deposited on reaching their quiet waters, yet the con- 
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are found to exist in each one. Finally, the studies of these different 
probable flood conditions are combined, and the situation and ca- 
pacity of each of the adopted reservoirs must be so fixed that their 
aggregate capacity and effect shall safely exceed the flood excess at 
every hour of any of the anticipated storm conditions. It is these 
relative values for the different storage sites, as well as their practi- 
cable storage capacities, which make some reservoir locations more 
effective than others; and it is the fact that the influence of each 
proposed reservoir varies in each flood, because the run-offs differ, 
which makes necessary a total storage capacity greater than any 
single flood excess. For example, the investigations of the Pittsburgh 
Flood Commission found that forty-three reservoirs with a total 
capacity of more than eighty billion cu. ft. would be inadequate 
to prevent a flood excess at Pittsburgh of less than one-third that 
volume, reducing the 1907 flood plane from 35.5 to 25.3 ft.; while 
omitting twenty-six of the least effective of these, and so reducing 
the proposed storage capacity to less than sixty billion cu. ft. 
would increase the flood level only 2.3 ft., and would save more than 
one-third the estimated cost. The necessary surplus capacity of a 
reservoir is the greater as the place to be protected is the farther 
down stream from it. Therefore there occurs, even in great under- 
takings, a much diminished effectiveness in scores of miles of inter- 
vening distance, a reduction which becomes fatal in a few hundred 
miles, and in correspondingly shorter distances when the volumes 
involved are less or the intervening affluents are the more consider- 
able in size. 

A perfect system of operating a reservoir is sometimes impracti- 
cable. Even in case of the single purpose of flood protection it is 
sometimes difficult in the rainy season to decide whether to empty a 
reservoir whose discharge may unite with a flood moving down 
another tributary and so cause greater damage, or to hold the con- 
tents and risk a flood finding the reservoir already full. The reser- 
voirs above Dayton, Ohio, containing 2,600,000,000 cu. ft., were 
full when the great storm came which caused the destructive flood 
of 1913. If the storage is to serve several purposes, its control is 
much more complicated. Fortuitous conditions may sometimes 
favor all interests, but they are as likely to be adverse. The flood 
protection of a valley would imply that a reservoir be emptied as 
soon as is practicable after a flood crest has passed, in order that its 
voliune may be available to intercept the next flood which may 
come at any time. Water supply for municipalities or power 
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side of the river. At such a crossing there occurs a dissipation of the 
energy of flow (which in the concave curves has concentrated to main- 
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tain the channel) resulting in that shoaling of the river and that insta- 
bility and uncertainty of channel conditions over the bar, which limit 
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21. Incompleteness of the Filamental Theory of Flow. — There is a 
phenomenon of flow whose apprehension is necessary for an adequate 
comprehension of the complex action of flowing water and the effects 
produced by it in channels of earth, sand or gravel. It is the prin- 
ciple variously called "vortical," "tumultuous," or "sinuous" flow. 
In this conception one must imagine a minute, elementary volume 
of the stream and follow that particular particle in its devious move- 
ments. The direction of its course is exceedingly varied, first to the 
right and then to the left, now toward the surface of the river and 
next toward the bottom, as it at the same time is progressing down 
stream as a component element of the aggregate flow. In this com- 
plexity of movement of the component particles, each one is respond- 
ing to physical law; the motion at any instant being the resultant 
eflFect of its existing energy, of gravitation, of impact imparted by 
other particles of water touched in its course, and of the reaction 
from the bed or banks when its path encounters these limiting sur- 
faces. As stated in ordinary hydraulic discussions the impelling 
force is gravity, causing a general flow in the direction of the surface 
slope; but such published works usually assume that the stream is an 
aggregation of imaginary threads of water moving parallel to its 
axis, thus forming the conception of filamental flow of the books, 
whose especial advantage consists in offering a consistent interpreta- 
tion of the river's progressive movement only; and it thus ignores 
the infinitely varying movements of the component particles whose 
aggregate flow-effect is, nevertheless, expressable in terms of the 
usual hydraulic formulae. 

A typical particle of the stream is thus actually moving, at any 
instant, in a direction usually inclined to the axis and so not normal to 
a right section of the river; and its actual instantaneous velocity and 
direction may be analytically represented by its components in the 
sectional plane (right or left, and up or down), and in the direction 
of the axis (down-stream, or possibly up-stream). At successive 
points in its course its direction and velocity will vary, and its com- 
ponent values will be correspondingly different. If we imagine 
these three component values to be determined, instant by instant, 
for all the particles successively passing any single point in the cross- 
section of the stream during a considerable length of time, and the 
average value of each of the three components be derived, then it 
will be found that the right and left components usually will approxi- 
mately balance; the vertical components will also approach a zero 
summation; and the axial component thus averaged will have that 
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suspended material from the bottom to the surface and laterally 
from the sides to the center of the river." "This upward inclined 
eddy motion does not in any way conflict with the general horizontal 
flow of the stream. The whole motion can be perfectly understood 
by comparing it with the identical phenomena observed at an ordi- 
nary campfire in the open plain; the smoke, wafted by a gentle breeze, 
rising upward in the form of an inclined eddy, expanding as it rises." 
"Partiot emphasizes the idea that the sands are only sustained by 
eddies and vortices." 

Another important phenomenon of stream flow, which directly 
affects the channel developing process of the currents in sedimentary 
soil, is that known as transverse or cross-currents. This term, of 
course, does not refer to their actual direction of flow but rather to 
their lateral and vertical components, their longitudinal components 
constituting the ordinarily considered filamental currents flowing 
parrallel to the hydraulic axis of the river. The magnitude of these 
transverse components is generally quite small compared to the 
axial; but as they are very definite and continuous in their action, 
their general effect is very important. They necessarily result from 
the conditions of curvilinear flow existing in the bends of rivers, 
where the inertia of the flowing water causes radial dynamic pres- 
sures. Professor James Thomson in 1876 pointed out^ that because 
of the centrifugal force of the stream flowing in a curve with the 
resulting increase of elevation of water surface at the concave bank 
above that at the opposite side, together with the fact that the lower 
part of the river section has smaller velocities than the upper portion, 
there ipust occur a general movement of the water from the concave 
margin toward the convex one at the bottom of the river, with an 
accompanying downward movement of the water in the concave 
bank and an upward motion near the convex side of the stream, and 
a simultaneous transverse flow from the convex toward the concave 
margin in the upper portion of the section. The next year he offered 
experimental proof of this secondary current flow. Ten years later 
Professor Reynolds indicated* the significant effect upon erosion and 
sedimentation which these cross-currents must have, carrying the 
entrained silt and sediment from the bottom of the river toward the 
convex bank at the same time that this material is being swept 
much more swiftly down-stream. More recently these characteristic 

^ Proceedings, Royal Society of London, Vol. 25, pp. 5-8. 

'Report, British Association for the Advancement of Science, 1887, p. 557. 
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• 

whose conservation is so vitally important to agricultural prosperity 
that the prevention of its loss is fundamentally justified by that pre- 
dominant interest alone) places particular emphasis on deposit 
resulting from the overloading of the stream by detritus. Now it is 
true that for any unvar>dng condition of a river with regard to its 
cross- section, slope and velocity there is a certain maximum burden 
of detritus which it can carry, and if this is exceeded from any source 
the excess burden will be deposited; as discussed in paper 2826 of the 
Institution of Civil Engineers (Vol. 119) for a silt-carrying stream 
with bed and sides of similar material, flowing in a condition of silt 
equilibrium, R. G. Kennedy found for the special conditions existing 
that the critical mean velocity at which neither erosion nor deposit 
occurs is practically equal to 0.84 '^/(depth)^, and for heavier silt the 
coefiicient becomes gradually larger, and the exponent may vary 
somewhat, but probably Uttle. The fact is that as far as investiga- 
tions have gone, rivers are not always found to be carrying their 
full load capacity of sediment.^ The fundamental conception of 
this phenomenon is that of most hydraulicians, as expressed in 
Encyc. Britt. (1910), Vol. 14, pp. 77-8: 

"If in one part of its course the velocity of a stream is great enough to 
scour the bed and the water becomes loaded with silt, and in a subsequent 
part of the river's course the velocity is diminished, then part of the trans- 
ported material must be deposited. Probably deposit and scour go on 
simultaneously over the whole river bed, but in some parts the rate of 
scour is in excess of the rate of deposit, and in other parts the rate of 
deposit is in excess of the rate of scour If a river had a con- 
stant discharge it would gradually modify its bed till a permanent 
r6gime was established. But as the volume discharged is constantly 
changing, and therefore the velocity, silt is deposited when the velocity 
decreases, and scour goes on when the velocity increases in the same 
place. When the scouring and the silting are considerable, a perfect 
balance between the two is rarely established, and hence continual varia- 
tions occur in the form of the river and the direction of its currents. In 
other cases, where the action is less violent, a tolerable balance may be 
established, and the deepening of the bed by scour at one time is com- 
pensated by the silting at another. In that case the general r6gime is 
permanent, though alteration is constantly going on. This is more likely 
to happen if by artificial means the erosion of the banks is prevented." 

Although this view omits consideration of detritus contributed 
by the aflfluents of the river, it is characterized as the truer funda- 

* e.g., Report, Chief of Engineers, U. S. A., 1875, PP- 966-7. 
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than icx),cxx),ooo cu. yd. of sediment per year, its mean annual dis- 
charge being about 1700 cu. ft. per second; and the Mississippi 
River, with a mean discharge of about 620,000 cu. ft. per second, 
annually carries into the Gulf more than 400,000,000 cu. yd. of 
such material. It is estimated that the Missouri River contributes 
to the Mississippi from 200,000,000 to 400,000,000 cu. yd. per annum, 
while the yardage from caving banks of this river in the state of 
Missouri alone is about twice that amoimt; similar erosion in the 
Mississippi between the mouths of the Missouri and Ohio Rivers 
yielded over 60,000,000 cu. yd. per annimi thirty years ago, but only 
about 80 percent as much since a considerable revetting of the banks 
has been accomplished; and nearly 900,000,000 cu. yd. is annually 
contributed by the caving Mississippi River banks between Cairo and 
Donaldsonville. 

As the velocities in a river section are typically a maximum toward 
the concave side from the center of the channel, these banks are 
especially subject to a progressive disintegration that may be rapid, 
slow or negligible, depending upon their resisting capacity and upon 
the velocities of the attacking currents. While the actual conditions 
attending erosive action often do not in their details agree with for- 
mulated theory, probably because their consideration has been 
generally based on the filamental conception of flow without refer- 
ence to the variable vortical velocities which are the direct agency, 
yet the observed facts given in Table No. 2 will give a fair average 
idea of the relation existing between the velocity of the stream and 
its capacity for producing erosion. The values are those of the 
bottom velocities at which movement b^ins for different materials, 
as determined by Boimiceau in 1845. 

Table No. 2 

Clay o. 26 to 0.49 ft. per second. 

Coarse sand o. 72 to 0.98 ft. per second. 

Coarse gravel 0.36 to 2 .00 ft. per second. 

Ordinary pebbles 2 . 19 to 3 . 28 ft. per second. 

Stones (size of an egg) 3 . 28 to 3 . 94 ft. per second. 

Conglomerates 4.99 ft. per second. 

Sedimentary rock 6 .00 ft. per second. 

Solid rock 9.84 ft. per second. 

Dubuat found that the velocities at which transportation in 
complete suspension begins were generally from 25 to ^o 
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but is derived from indefinite distances above the accretioii, in e 
tirely untraceable identity of origin. It is this fact which fonns tl 




Fig. 12. — Effects of erosion and accretion. 

basis of the legal rule that accretions become the propert) 
owner of the expanding bank, while land which finds itsef 
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In connection with the detailed discussion of various types of 
works of river regulation in succeeding chapters, there are given 
many illustrations of natural conditions which coincide with the 



Fkj. 13.— Changing^channel of an alluvial river. 

typical principles discussed in this chapter; as well as instances of 
variation from the ordinary type where unusual circumstances pro- 
duce uncommon effects. 



INVESTIGATIONS, SURVEYS, ETC. 115 

"the plenary power of the United States to legislate for the benefit of 
navigation and to construct such works as are appropriate to that end, 
without liability for remote or consequential damages, has been so often 
decided as to cause the subject not to be open." Nor does the recon- 
struction of a levee on a line farther from the river, thus exposing 
lands to overlow which had previously been protected, make the govern- 
ment liable for losses resulting from its new location, because of the 
principle previously referred to; the new position of the main embank- 
ment being in consequence of the natural changes in local conditions.^ 

^230 U.S., pp. I-3S, (1913). 
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the channel has been deepened by dredging; and this is generally 
found to result in a rather permanent improvement, partly because 
of the placing of the dredged material so as to guide the water toward 
the dredged cut, as far as this is practicable. On the upper Tennessee 
a similar procedure is usual in the firm gravel and rock found in the 
shoals, producing there entirely permanent works of improvement. 
Examples of regulation with dredging as auxiliary are numerous, 
as on the upper Mississippi River. Cases where reservoirs serve 
to aid regulation have already been cited, as in the Weser and 
Mississippi; and the former lateral canal along the Mohawk River, 
as wtII as the recent canalization of the same stream to serve the 
enlarged barge (Erie) canal, are both served by storage reservoirs. 
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interpretation and adaptation of all such indications to the pro- 
jected works should aid materially in reaching a correct conclusion. 
On this point a most forceful exposition is offered in a report by M. 
Girardon to the Sixth Congress of Inland Navigation (1894) as 
follows: 

"It seems, first of all, that confidence in hydraulic formulae is singularly 
shaken. Without denying the value which these formulae may have as the 
result of very exact experiments carried out on a large scale, most engineers 
have had to record the various disappointments which have been the result 
of their extension and their use under circumstances differing too much 
from those under which they had been deternuned. They give results 
which are more or less exact and which are, as a rule, sufficient for all prac- 
tical purposes when it is a question of water alone. But our rivers are not 
only water courses as they are commonly called; they discharge together 
water and solid matter, and it is just the movement of the solid materials 
which causes all the difficulties with which we have to struggle, and it is 
taking the problem by the wrong end when an endeavor is made to solve 
it by regulating the flow of the water without seeking at the same time to 
regulate the movement of the solid materials. And this way of attacking 
the problem becomes all the worse because these two movements react on 
each other and because the effects produced on a river with a shifting bot- 
tom are, very frequently, not only different from but often contrary to 
those anticipated and which would have been realized if only the flow of the 
water on a solid body had alone to be considered. The consequence of 
this statement is that there is but one sure guide, direct observation of 
the facts produced under conditions analogous to those in which action 
must be taken, not in artificial canals wherein water alone passes, but on 
the rivers themselves where the phenomena which must be considered 
really occur." 

42. Examples of Necessary Supplementary Studies of Rivers. — If 

contraction works have already been constructed on the same river, 
in portions of similar regimen either above or below, their effects 
are the most reliable indication possible; or if the effects of the im- 
provement of another river of similar regimen have been carefully 
studied, the significant features of the modified channel so produced 
are also very pertinent. 

Unfortunately the range of such thorough technical investigations 
is as yet rather limited. A very extended study of this kind was 
made on a portion of the Garonne, about 14 miles in length, which had 
been regulated a score of years before by works of contraction and 
bank protection. The most important facts and conclusions^ of this 

* Fargue's "La Forme du Lit des Rivieres a Fond Mobile," 1908. 
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still continues to be much as stated in a report to the Congress of 
Inland Navigation of 1894 which well summarized the proposition 
in the foUowing terms: 

"In the infinite variety of forms which she presents, nature shows us 
some in which the conditions which we seek to obtain are realized, and oth- 
ers wherein are found conditions which are harmful. The circumstances 
imder which both kinds are produced must be studied and every effort must 
be made to reproduce those which arc favorable and to set aside the others. 
Among these circumstances and in order to p^ess closer together the ques- 
tions referred to the section, the line of the banks will be particularly 
pointed out. It follows, from the observations which have been made and 
from the discussions to which they have given rise, that it is recognized 
almost unanimously that the line of the banks does exert a certain influence 
on the distribution of depths, but without its being possible to state this 
influence precisely by a mathematical relation between the curvature of 
the banks and the depth of the channel. And for a reason on which the 
whole of the section was agreed, this diflSculty lies here: if the curvature of 
the bank is a very important factor in the distribution of depths, it is far 
from being the only one; it depends also upon the slope, on the width and 
resistance of the bed; it depends upon the character of the banks and the 
works; and, finally, it depends upon the concordance or the discordance 
between the high water and the low water channels. And the opinion of 
the section was that it was important to multiply observations on all these 
points. The section did not stop at this resolution or at the statement 
in principle of the undoubted influence which, aU else being equal, the cur- 
vature does exert on the depth of the channel. It was of the opinion that 
it was highly important to act along the proper direction of the channel by 
the continuity of the latter in the crossovers from the curves of one bank to 
the reversed curves of the opposite bank. And it went still further. It 
seemed to the section that the principle of continuity, of which the suit- 
ability was first pointed out in connection with the curvatures mentioned 
in Mr. Fargue's studies on the Garonne, was further reaching and more gen- 
erally applicable. Every sudden obstacle, every violent projection, every 
abrupt change in the direction of the water involves a loss of living foice 
which is expended in a whirl, causes scours and produces disturbances in 
the regularity which so much effort is made to obtain. But this regularity 
cannot consist in a uniformity of which nature offers no examples; it can, 
however, be the result of continuity and it should be sought, not only in the 
shape of the plan, but also in the forms of the longitudinal profile of the 
cross-section as well as in the passage from the minor bed to the major; it 
is none the less necessary for the line of the works which should be so laid 
out that their action, little felt at first, should increase gradually to its 
maximum and then in hke manner fade away." 

However, as observation and experience increase, and especially 
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current velocities of entrance. From the head-basin the flow 
first passed through a rectangular channel section of masonry, 
40 in. square; then through the experimental channel, from the 
lower end of which it flowed into a discharge-basin for receiving the 
sand entrained in its course. From this lower basin the discharge 
passed into the stream at a point about 250 ft. below the head 
works. The uniform slope of the course was fixed by the relation 
between the length of this artificial stream and the difference of eleva- 
tion of the sills at its upper and lower ends. Although conditions 
were favorable for a direct measurement of the volimie of flow, this 
was not done, but such volumes were later approximated by 
computation. 

The sides of the experimental diannel consisted of vertical plank- 
ing. Its bottom was formed of sand from the Garonne about i 
ft. in depth, the surface of which was leveled before each experi- 
ment so that the effects of the flowing water could be determined 
everywhere. Various kinds of curves were used, and straight parts 
were introduced at places. The total length of the channel so 
studied varied from 195 to 213 ft.; its width was about 40 in.; 
its total fall was adjusted to i, 2J and 3 in. at different times; and 
the radius of curvature of the circular curves was 32.8 ft., while 
those of the complex curves varied perhaps 50 percent from that 
value. Twenty-one different experiments were made altogether, 
and in them the surface velocities varied from about 0.7 ft. to 3.6 
ft. per second; the minimum volume of flow was 2.22 cu. ft., 
and the maximum 9.54 cu. ft. per second; while the duration 
of the experiments ranged from 6 to 166 hours. Cross-sections were 
established at a distance of 3.28 ft. apart, and after each experiment 
careful measurements were made to establish the exact outline of the 
bed at each section and its elevations with reference to the original 
leveled bed. 

Such were the details of the experimental channel made to verify 
effects that were expected to result from certain types of river im- 
provement projects. The scale of reduction from the proposed 
works to those of the trial channel was about titV in horizontal and 
■^ in vertical dimensions, 2tId ^^ area of cross-sections, 7 Air in 
volume of flow; the velocities were about 60 percent of those of the 
real river. The results gave positions of pools and bars exactly as 
anticipated, but the latter were shorter and at the crossings the 
current passed from one bank to the other more abruptly than had 
been forecasted. As for the realization of expected depths, those 
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the space between the successive sets of wires was 4 ft. Curtains 
of this kind were readily made 100 ft. long and 33 ft. wide, 
which is a sufficient width for reaching the bottom in their ioclJaed 
position in a depth of water not exceeding about 20 ft.; they are 
also easily rolled up as made, and then launched into place from 
supporting barges. Both the wire and the willow curtains pro- 
duced rapid deposit in the very muddy waters of the Missouri 
River, bars forming in two or three weeks to a height varying from 
the water surface to about 2 ft. below.' 



Villain Brush 



Fig- 37— ^^'irc screen. Fig. 38.— WUlow curtain. 

On some of the rivers of Europe a tem])orary and light construc- 
tion of very permeable character, similar in its effects to that of the 
willow curtain, has been used for many decades. On the Garonne 
it apparently took the form of a wicker work of brush which was 
supported in a vertical position by rock placed along each side of its 
lower portion; and to induce the deposit to build itself still higher, 
there was employed the assistance of "flocages," or branches of 
green willow whose butts were forced several feet into the wicker 

' Report, Chief ol Engineers, U. S. A., 1880, pp. 1428-fl. 
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work already in place and whose tops rose 4 or 5 ft. above it, 
built as compactly as the willows could be placed. The rate of 



accretion was much slower on these less turbid rivers, it requiring a 
year or two for the deposit to become complete. Then willow shoots 
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to fit the irregularities of the slope somewhat better. Piles are often 
used to a greater or less extent to aid in the control of their correct 
placing as they sink, as well as to assist in holding them in their final 
position. On the upper part of the Mississippi River, where the 
mattresses need to be only 20 to 60 ft. in width, not only does the 
work allow a relatively simpler plan and equipment, but some of the 
details are altered; such as the making of the fascines only about 
20 ft. in length and lapping them so as to break joints in successive 
courses, the inclining of the ways to a slope of 25 or 30 degrees 
for the fabrication of the narrower mattresses or designing them 
to tilt w^hen ready for a launching, and the considerable use of 
lath yarn for binding material. On this river, as well as on the 
Missouri and others where the ice formation is heavy and reliable, it 
has sometimes been found an economical proposition to build the 
mattresses on the surface of the ice which is then cut to allow their 
sinking into place. This method of construction is shown in Fig. 69 
(p. 255),^ which also illustrates a diagonal arrangement of the weav- 
ing of the brush. Framed mattresses, in places of severe duty, have 
been sometimes made with four or five layers; and occasionally with 
less than three, where their exposure was not great. Cottonwood and 
other pliable brush has been used when live willow has been difficult 
to secure. Solid concrete blocks, brick, etc., have been used for 
ballast in places where stone is quite expensive. For this purpose 
the concrete is cast in molds of advantageous dimensions and after- 
ward is broken to convenient sizes. As a satisfactory quality can 
be made in which the weight of cement is only 7 or 8 percent of that 
of the aggregate, the cost need not exceed $2 per ton. 

The progressive development of mattress construction has had 
constantly in view their increase in durability and strength to meet 
the conditions of service which experience has shown to be necessary, 
and at the same time the consideration of economy in expenditure 
has been an essential feature. The shore connections have been 
improved to more adequately meet the severe duty required of them, 
the binding together of the different parts has been made more 
effective, and the details of construction have been so modified from 
time to time that the danger of a local injury extending so as to 
cause the destruction of an entire mattress has been minimized. 
That the possibility of such injury is not remote may be readily 
realized when one recalls not only the persistently severe activities 
of swirling currents of high velocities in concave banks, but also such 

* Report, Chief of Engineers, U. S. A., 1901, p. 398 of Supplement. 
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width and locx) or 1500 ft. long, and placed in water from 50 to 100 ft. 
in depth, which often has a velocity as great as 6 or 8 ft. per second. 
Yet the magnitude of this work is so considerable that as yet only 
the more important points have been protected; hardly 70 miles 
of bank in the whole length of the lower river have so far been revetted. 
On the contrary, the fascine mattress work of the upper river is so 
comparatively simple and inexpensive because of the relatively 
more stable soil, moderate velocities of current, small depths and 
consequent reasonable widths of mattresses that the length of its 
revetted banks is more than three times as great. 

Framed mattresses are still used to a considerable extent on the 
lower Mississippi River; of the Albemarle Bend revetment above 
Vicksburg, constructed in 191 2, a part was of the framed type and 
the remainder consisted of fascine mattresses in order to test the 
comparative advantages and disadvantages of each under similar 
conditions. While woven mattresses have long been abandoned for 
the general revetment work of the lower river they are still exten- 
sively employed on other streams, such as the middle Mississippi 
and the Missouri Rivers. 

Occasionally logs and other timber have been used for this kind of 
construction. Many miles of bank on the Missouri and the middle 
and upper portions of the Mississippi River have been protected 
under water by lumber mattresses where brush is limited in quantity 
and therefore expensive. A standard design is illustrated in Fig. 71.^ 
They are made of cheap cull lumber which, however, must have no 
defects of such size as to seriously weaken it. While some have been 
made by placing the boards in two distinct layers and nailing them 
where the pieces of one course cross those of the other, it is preferable 
to adopt the method of weaving the elements in much the same way 
as has been described for the woven brush mattress, as indicated in 
the illustration. The size of lumber used throughout is i in. thick, 
4 to 6 in. wide and not less than 12 ft. long. From firm fast- 
enings in the head-block, made especially strong as shown, ex- 
tend the weavers whose spacing is close enough to provide that the 
shortest board will engage at least four of them. Upon these, and 
therefore parallel to the head-block; are woven the strips of board 
with open spaces between them somewhat narrower than the mini- 
mum diameter of ballast that will be used to sink the mattress. 
Stringers and cross binders are added on top to strengthen the 
structure and to keep the rock from sliding ofiF; they are formed by 

* Report, Chief of Engineers, U. S. A., igoi, p. 2220. 
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with steel rods. This construction seems to promise a greater 
effectiveness and it may have a considerable use in the future in 
places of particular exposure or importance, or where good stone is 
quite expensive. 

Concrete has also been used for the protection of the under-water 
slope. Considerable experimental work of this type has been prose- 
cuted in Japan, especially on the Yubari and Ishikari Rivers, with 
evident success. For this work the concrete blocks were made 6 in. 
square and 2 ft. long of i : 3 : 6 Portland cement, sand and gravel, 
and reinforced near the long edges by four pieces of No. 12 gal- 
vanized wire bent inward at their ends. To build them into a mat- 
tress upon scaffolding above their destined position metal bars, 6 
to 10 ft. in length, i J in. wide and I in. thick, were placed overlapping 
each other in a continuous line to form its lower edge. Through 
holes spaced i ft. apart in these bars. No. 4 galvanized steel 
wires were threaded and extended at right angles to the bars, and 
upon those wires the concrete blocks were strung by means of two 
holes formed in them when the blocks were cast. As these holes 
were 6 in. from the ends of the blocks and the blocks were laid to 
break joints, each pair of wires passed successively through the two 
holes of a single block and then through the adjacent holes in the 
abutting ends of two different blocks. Thus a continuous and flexible 
mattress can be woven of the width and length desired, the latter 
being preferably equal to the length of bank to be protected. It has 
also been customary to make these mattresses rather narrower than 
may be necessary in the hope that the resulting scour and settlement 
at the lower edge will shortly cease in the securing of final stability, 
thus involving less expense than if they were built of the full width 
necessary to prevent any scour; and if stability does not soon occur, 
the width is then increased. Mattresses have been thus constructed 
of different widths, from 12 to 93 ft., and in depths of water varying 
from 4 to 40 ft. They have also been subjected to floods, freezing 
weather and the severe action of ice and floating drift without mate- 
rial injur>\ 

The conclusions state that " the writer believes his reinforced concrete 
mattress to be the most economical, durable, flexible, and altogether 
effective bank protection and that it is particularly adapted for the 
protection of those river banks where caving is most severe. The 
setting of the mattress may be better made at first with a slight width, as 
the best economy may be accomplished in this way when only so much 
of the mattress width is added bit by bit as is really necessary for the site in 
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souri River and its tributaries and gives promise of excellent results. 
In 191 2-13 a thousand feet in length of bank was thus additionally 
protected by a flexible covering of reinforced concrete blocks forming 
an apron 10 ft. in width. The blocks were about 2 ft. square and 
4 or 6 in. thick, reinforced and tied together by wire and small bars 
which were galvanized in the case of those not entirely embedded in 
the concrete. The connecting bars also engaged the lower edge of 
the reinforced concrete revetment of the upper bank, thus securing a 
mattress both strong and apparently very durable and resistant. 
The general appearance of this protection is shown in Fig. 74HP-265). 

68. The Cost and Maintenance of Revetment. — The cost of 
revetment on the Volga River is given as $15 per foot of bank, but 
this seems to include very little protection of the upper bank. For 
the lower Mississippi, including the mattresses varying from 200 
to 350 ft. wide, and the sloping and paving of the upper bank which 
ordinarily involves an additional 30 percent of width, it is usually 
stated as averaging about $30 per foot of length of river so protected. 
Upon the lower Missouri and the middle portion of the Mississippi, 
where the width of revetnjent is only about one-third as great, the 
cost is correspondingly reduced. For the still less extensive pro- 
tection of the upper Mississippi River the first cost for the whole 
period covered by such construction has similarly averaged hardly 
$3.50 per foot of bank. 

A much more definite method of considering the cost is that in 
which the superficial area is made the basis. While the expense of 
fascine mattresses seems to average somewhat more than those of the 
framed or the woven types, yet local conditions such as the cost of 
materials and the efficiency of the labor much more than overcome 
those differences. The material and work of building the mattresses^ 
involves an expenditure perhaps one-fifth greater than that of the 
ballast and the operation of sinking them into place. The general 
field cost of the standard brush mattresses has usually been between 
6 and 9 cents per square foot in place. The expense of those con- 
structed of lumber has often been from 20 to 40 percent less than if 
made of brush in the same locality. The first cost of the reinforced 
concrete mattresses of Japan is reported as about 1 1 cents per square 
foot, and for those special ones experimentally constructed so far in 
this country it has been considerably greater. The standard stone 
paving of the upper bank varies more in its initial unit cost than do 
the brush mattresses, but the average is about the same. The 

* Report, Chief of Engineers, U. S. A., 191 2, p. 2196. 
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charge for maintenance, the result is an average of a trifle more than 
I percent per year, apparently exclusive cf capital charges. It is 
stated that the outlay for maintenance of bank protection in Russia 
has been small. 

There is an auxiliary defense of the upper bank that grows more 
effective with its age if it is properly trimmed and cared for, which 
has been employed in continental Europe particularly in connection 
with the work of maintenance. It is the planting of willows, or 
other similar growth, thickly among the bank-protecting materials 
laid above water. These gradually form a network of interlacing 
roots which firm the soil, especially when it is saturated and in need 
of aid in resisting the settling of individual stones of the paving, and 
develop a pliant mass of tenacious branches against which the disrupt- 
ing effects of the high water currents are largely cushioned and harm- 
lessly fended off. Willow planting has thus been used on such rivers 
as the Neisse, Bober and Quels; and also in Japan, where the thick- 
ness of the riprap was reduced to 5 in. when laid in panels 3 ft. square, 
defined by horizontal and transverse Toyis of planted willows whose 
vigorous growth completed the eflfective protection. Because of its 
tenacious and rapid growth, Bermuda grass has been successfully 
used abroad for the same purpose in places of moderate exposure. 
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the most reliable and economical way to secure the desired results; 
advocates of regulation realizing with increasing definiteness the 
auxiliary aid and advantages which are available in the efficient types 
of dredges of the present day for securing the ultimate part of the 
deepening which is often so difficult and expensive to secure by regu- 
lation alone, and partisans of dredging inclining more and more to 
appreciate the economy and desirability of securing the assistance of 
regulating works in greatly reducing the volume of material to be 
removed by dredging when such works may be advantageously con- 
structed to prevent the recurrence of the greater part of the shoaling 
deposits, which would have to again be excavated. It is the principles 
and methods of operation involved in the successful periodic removal 
of obstructing bars of sand and silt which form the subject of consid- 
eration in this chapter. 

70. Various Devices of Occasional Utility. — To accomplish the 
removal of the crests of bars, various devices have been employed, 
and numerous others have been suggested.^ The first type has for 
its object the throwing of the sediment of the shoal into temporary 
suspension by means of drags, scrapers, jets or large, rapidly rotating 
screws, and depending upon the current of the stream to carry this 
suspended matter away. This method is hardly applicable to a bar 
composed of a tenacious material, like clay, nor to a shoal place at 
which the velocity of current is too slight to transport the material 
composing the bar. It is also true that only a fraction of the material 
stirred up by the mechanism is carried down-stream from the shoal, 
and some of that which is transported by the current is liable to be 
deposited upon the next bar below, resulting in an increased obstruc- 
tion there. Yet there have been cases where such devices have given 
temporary relief; as in the use of cutters fastened to an adjustable 
framework attached to the bow of a suitable boat, and operated by 
backing the steamboat down-stream from the upper edge of the bar to 
the lower, scraping and stirring up the sediment as it proceeded. 
This method was used on the upper Mississippi River nearly fifty 
years ago, and deepened the crossings a foot or more. When, 
later, contraction works were built to permanently secure the 
increase of depth, the temporary expedient was no longer needed. A 
comparatively recent employment of the method of raking coarse 
detritus from shoals into the pools below them has proved advanta- 

^See paper by J. A. Ockerson, "Dredges and Dredging on the Mississippi 
River" in Transactions of the American Society of Civil Engineers, Vol. 40, pp. 

215-354. 
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boat. An example of the former is that of pile drivers, each having a 
pump of 165 gal. per minute capacity, four of which combined to 
lower the crest of Horse Tail Bar of the Mississippi River more than 
2 ft. in one day, in 1881, their work being mainly accomplished when 
moving up-stream across the bar. Another instance occurred during 
the last few years of the nineteenth century when a jet dredge was 
constructed with a capacity of 10,000 gal. per minute for each of 
its two 15-in. centrifugal pumps, at a cost of about $18,000; and oper- 
ated down-stream from edge to edge of the bar, the jets agitating the 
sediment and carrying it into suspension for transportation down- 
stream by the current. The cost of its operation was $2650 per month 
and it succeeded in deepening the channel about 2 ft. in average 
amount when used on short bars, the variation in the effectiveness of 
its work being about 50 percent from the figure stated. 

Another type of device for securing temporary deepening consists 
of current deflectors, of which there are two general classes; those 
planned to deflect the current downward upon the top of the bar, 
and those designed to produce a lateral deflection and concentration. 
Of the first sort there have been many inventions differing in detail, 
but most of them are similar in providing plates, cells, boxes, com- 
partments or other adjustable forms, which are generally attached 
to the bottom of a boat in a way that is intended to throw the current 
downward upon the sediment so effectively that an eflicient scour 
will result. While the few actual trials of this principle have pro- 
duced some deepenings, no case is known where the results were 
reallv satisfactorv. 

To secure a deepening by temporary devices for concentrating 
the flow of a river at the place where the formation of a channel is 
desired across a bar, numerous projects have been proposed which 
vary from a row of trees anchored along the line of the intended 
deflection to a number of boats which are to be sunk end to end along 
the line of that barrier, and which are to be pumped out and floated 
when the expected result has been accomplished. This style of 
temporary current deflecting and concentrating device bears some 
resemblance to permanent construction works in regard to the 
natural forces which are to be utilized for the desired purpose; and 
to be worth while, the cost of their construction and operation must 
not be excessive. One of the few devices of this sort which has 
actually been used was designated a *' portable jetty.'* These were 
employed for several seasons about fifteen years ago on the Mississippi 
River between the mouths of the Missouri and Ohio Rivers; but at 



278 



THE REGULATIOX OF RIVERS 



the capacity of an elevator dredge. The requirements of this dredge 
involved several novel features, such as a wide cut (up to 700 ft., 
while the usual width is not more than 30 ft. for hydraulic dredges) 
which necessitated a lateral feed instead of the usual forward feed, 
and a mechanical cutter capable of loosening the day rapidly as the 
dredge was moved laterally across the channel and feeding it without 
clogging into the suction pipe with the necessary, but relatively small, 
proportion of water required for this purpose, and also for facilitating 
its passage through the pipe line to the point of discharge, all imder 
the impulse of the great centrifugal pump through which it passes. 
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Fig. 79. — Control of a lateral-feeding dredge. 

The cutter is of a design especially adapted to the particular material 
in which it works, 9 J ft. in diameter and 9 ft. long, weighing 10 tons, 
having rotary steel blades of ample clearance to prevent clogging. 
The loosened clay and water pass from the rotary cutter into the 
40-in. suction pipe, which extends downward through a well in the 
center of the dredge, through which it is drawn to the 1200-horse- 
power centrifugal pump having a cast-steel runner of the enclosed type 
and whose passages are large to facilitate the easy progress of the 
excavated material. Thence the clay passes into the 36-in. discharge 
pipe connecting with the pipe line of the same diameter, through 
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experimental dredge of this type constructed for operations on this 
river was let in 1892, experiments and consequent changes in certain 
of its parts followed its installation, and its first actual employment 
in aid of navigation occurred in 1894. Since then nine dredges of 
this type have been constructed, continued improvement and increase 
of efficiency resulting from the experience gained in their use. 

The general features of such a dredge appear on Plate IV^ (facing 
p.284), showing a longitudinal section, a plan and an end eleva- 
tion of one of the latest self-propelling hydraulic dredges built by the 
Mississippi River Commission. Its hull of steel is 210 ft. long, 44 ft. 
beam, 8 J ft. molded depth, its draft is 5 ft., its nominal capacity is 
2000 cu. yd. per hour and its cost was about $242,000. Describing 
more in detail its dredging mechanism, the suction head is shown 
at "^4," extending downward and forward through the well or open- 
ing in the forepart of the hull, this well being 35 ft. long, ^^ ft. wide 
at the forward end and 22 ft. wide in its narrowest after-part. The 
suction head is of similar outline, but slightly narrower; at its fixed 
end at the forward bulkhead hinged, telescopic, radial joints permit 
the necessary adjustability of the outer end to the dredging depth 
desired; the maximum depth provided for in this dredge is 20 ft. 
The suction head is ^^ ft. long from center of hinge pin to the lip, 
with its mouthpiece, "^B," 32 ft. wide and 15 in. high, outside dimen- 
sions. It is designed for dredging either up-stream or down-stream 
and therefore the mouthpiece has both an up-stream and a down- 
stream mouth. The clear height of each mouth through which the 
sediment is drawn is 10 in., and both are screened by vertical 
pipes, bolts and rods so spaced as to leave rectangular openings to 
prevent the drawing in of objectionable debris. There are heavy 
strengthening angles riveted on the lower face of the bottom plate of 
the mouthpiece at both its forward and after edge, through the 
outstanding legs of which there are openings to accommodate the 
thirty-six 3-in. jet nozzles, half of them pointing forward and half in 
the opposite direction. Pipes vertically through the mouthpiece con- 
nect these nozzles with the pressure chambers built on top of the mouth- 
piece. A 2o-in. pipe connects these pressure chambers with the 
2o-in. centrifugal jet pump, situated at the forward end of the engine 
room, as indicated on the plan, its capacity being 8000 gal. of water 
per minute delivered at a pressure of 20 lb. per square inch. K the 
dredge is working up-stream the eighteen forward jets are operating 

^ Adapted from paper No. 6, Sixth Communication to the Tenth International 
Navigation Congress. 
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holding the dredge to the desired direction of the proposed channd 
are not usually necessary, as the current of the river generally effects 
this control satisfactorily, and crossing the hauling cables aids cott* 
trol in this respect, if needed. When a cut is made through tht 
bar the head piles are shifted to control the course of the dredge 
while making the parallel cut alongside the first, and this process is 
repeated until the channel has been dredged to the necessary width. 

The eflSciency of dredging a channel through a "crossing" or hat 
seems to depend upon several factors. Down-stream dredging is 
often favored for the reasons that the material is thus entirely re- 
moved, while up-stream dredging leaves some of the material behind 
in the cut because of the failure of the suction head to draw into 
itself all of the sediment thrown into suspension; that a greater rate 
of progress is secured through confidence in escaping the danger of 
breaking the hauling apparatus because of the diminished strain on 
it, permitting a more rapid feed; and that it facilitates the formation 
of a strong current through the cuts as made, and so lessens the 
amount of actual dredging required by the erosive action thus 
induced. However, in general, there is no universal advantage of 
either procedure over the other. It seems often desirable to exca- 
vate [even^deeper than navigation requires, and to widen the upper 
end of a dredged cut, so as to encourage the flow of the stream to 
seek the newly formed channel, and thus to secure it? aid in keeping 
the cut open and even to enlarge it. There are also advocates of a 
greater depth of dredging at the lower end, however slight the prac- 
ticable increase may be, for the purpose of conserving the energy 
of the current as much as possible and so lessening the danger of 
the silting up of the dredged channel at its lower end. The line of 
the excavation can generally be kept more nearly straight, especially 
at its lower end, if the first cut is made at the lower (down-stream) 
side of the prospective channel. 

However, the effectiveness of a. dredged channel depends prin- 
cipally upon the choice of the location of the cut with reference to 
both its direction and its position. Experience proves what theory 
plainly indicates, that if either factor of the location be carelessly 
assumed the result is very probably an artificial channel which 
rapidly fills again with sediment, due to the fact that the river cur- 
rent at the place has a direction crossing that of such a channel, or 
else is too weak to be of service. The truth is that a dredged cut 
not only must avoid the adverse influence of possible current effects, 
but it can, by a proper location, secure the active assistance of the 
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FlO. 80.— CrosMng at the foot of Island 16, before dredging. 
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is too often slighted, but which is inexpensive, quickly accomplished, 
and designed to directly disclose that which all other investigations 




Fic. Si. — Crossing at the foot of Island i6, after dredging. 

only indirectly indicate. A popular but crude illustration of the 
significance that should attach to careful float experiments is given 
by the fact that experienced river pilots at doubtful crossings give 
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dredging would have been farther to the left because the later 
developments reveal the fact that here the current would have had 
a still greater influence. Numerous similar experiences have, in brief, 
developed the general rule that it is desirable to locate the dredged 
cut as far down-stream as is practicable without increasing too much 
the amount of excavation involved; a rule which has, however, 
occasional exceptions, as indicated by the following maps of Corona 
Crossing. Fig. 82 (p. 288) represents the condition in the region of 
this bar before any dredging was undertaken. Early in September the 
lowest of the three cuts was dredged, but with poor success as revealed 
by the survey of three days later in which the channel indicated in 
Fig. 83 (p.289) is tortuous and not weU defined and is hardly 9 ft. in 
depth, though it lies in the vicinity of the dredged cut. Accordingly, 
seven days were taken in the middle of the month to open a channel 
about 500 ft. up-stream from the position of the first one, as shown 
in Fig. 84 (p. 290) which was plotted from a hydrographic survey 
made the day after the dredging was finished. This location proved 
successful as a well-defined channel of ample depth was secured, 
which remained open for at least a month. However, the river pilots 
objected to the difficulty of navigating this indirect channel and when 
further dredging became necessary, due to the low October stage, 
the third cut was opened about a quarter of a mile further up-stream. 
As indicated in Fig. 85 (p. 2.91), which shows conditions on the day 
after the dredging was finished, this last channel was both wider and 
deeper than either of the others, as well as more direct and easily nav- 
igated; it also maintained itself in position and ample depth through 
the rest of the season, even at the lowest stage, while both of the 
two earlier channels became closed. The report intimates that the 
last location should have been chosen in the first instance, which is 
a conclusion that seems evident from a study of the four maps of 
this crossing, especially if the direction and position of the arrows 
placed to represent the maximum strength of current were known 
from the beginning, as this essential factor should always be de- 
termined before operations are begun. In fact, it seems to be those 
cases in which the available current energy is directed upon the bar 
at a point well above the lower end of the uppei pool which generally 
constitute the exception to the rule of opening the cut as far down- 
stream through the bar as is practicable. In the last representation 
of Corona Crossing, the approximate axial coincidence of the current 
in the upper pool, of the successful (final) channel and of the channel 
below the dredged cut, are both evident and significant. 



'296 THE REGULATION OF RIVERS 

the more usual method is to include in the costs all the actual 
expenses incurred in the dredging season, but sometimes with and 
sometimes without the additional charges for repairs and mainte- 
nance through the rest of the year ; yet there seem to be cases in which 
only the bare cost of fuel, wages, etc., while working, was taken, thus 
even excluding costs of repairs and accessory expenditures while in 
commission, such as making the necessary hydrographic surveys, 
expenses when temporarily idle, etc. It is believed that a true 
estimate would not only comprise the total yearly expenditure for 
the dredges for all purposes, including a proper proportion of office 
expenses, salaries of the engineering staff, etc., but also a just charge 
for the capital invested in the plant and for depreciation. In short, 
all the capital costs and the annual expenditures upon all the dredg- 
ing fleet should be included in the estimate in order to give a just 
statement of the actual costs, whether river conditions are such that 
all or only a part of the fleet is in commission, or whether it is fully 
employed or not when on the river; for such expense is incident to the 
requirements of the service of only opening channels when low water 
demands it, and so is in the nature of an insurance of navigability, 
and therefore is germane to the question. 

In estimating the yardage of material excavated there is a corre- 
sponding lack of uniformity. One system makes use of measuring 
barges into which the material is deposited from the discharge pipe; 
while this is a very desirable feature of an efficiency test of a dredge in 
determining its acceptability, it cannot be employed in the regular 
operation of hydraulic dredges because of the imnecessary added 
expense it involves. Only where the type of dredge or the conditions 
controlling the deposit require the hauling away of the spoil in barges 
is this method available; but when it is practicable, such measure- 
ment is accurate and satisfactory. For hydraulic dredges in regular 
service the quantity of excavation has often been estimated by what 
is known as the percentage method; that is by pitometer measure- 
ment of the velocity, thus determining the volume of discharge from 
the dredge, and multiplying this by a fraction supposed to represent 
the proportion of solid matter in the discharge. Inasmuch as this 
proportion varies from perhaps 5 to 30 percent, and sometimes more, 
depending upon rate of feed, kind and control of agitators, velocity of 
discharge, nature of the material and numerous other factors, it will 
be evident that this method is totally unreliable. The other system 
ordinarily used is measurement in place, which is based upon the 
indications of hydrographic surveys made before and after the dredg- 
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ing is done. From a comparison of the soimdings made throughout 
the area concerned, the volume of material removed is readily com- 
puted. This method is also entirely inaccurate as a measure of the 
work actually done by the dredge because the eroding action of the 
current removes an unknown portion of the total material that is 
gone; this part being small in poorly located cuts, there even being 
cases where dredges have worked hours at a bar and have found no 
diminution in its volume because the current has deposited sediment 
as fast as the dredge removed it; but ordinarily in well-located cuts 
the current helps greatly, yet to an entirely unknown extent, as 
indicated by such statements as that only a small portion of the 
sediment removed actually passed through the dredge, or that the 
result of the work of a single dredge at a bar resulted in the removal of 
material greater in total volume than the capacity of the entire fleet 
of nine dredges for the time involved. While, therefore, there is no 
practicajjle way for determining the actual quantity of material 
removed by a hydraulic dredge, it is believed that the last method 
given is the most significant because it measures the actual volume 
displaced in securing a navigable channel by all the agencies involved ; 
but neither this nor any other method of measurement gives an 
entirely reliable yardage basis for either comparing the efficiency of 
dredges themselves or for forming a safe estimate of the actual cost of 
dredging. 

Table No. 5. — Cost of Dredging Operations on Lower 

Mississippi River 



Year 



1900-01 
1901-02 
1902-03 

1903-04 j 

1904-05 I 

1905-06 

1906-07 

1907-08 I 

1908-09 

1909-10 

I9IO-II 

I9II-I2 

Average for 
twelve years 



Yardage 
removed 



Cost in cents per cubic yard for 



Operation 



1,145,558 

1,666,465 

813,380 

891,098 

2,149,734 
197,847 
297,300 

1,151,739 
2,167,766 

1,260,171 

2,471,040 

1,160,333 



7.6 

7.8 

12.2 

136 

7.2 

34.4 
19.8 

8.7 

7-9 

9-3 

6.3 
8.9 



Care and 
repairs 

9.6 
4.6 

II. 8 

13.1 

6.3 

55-3 
31.8 

91 
50 

II. o 

5.2 
10.2 



Miscellaneous 



Total 




I.O 


18.2 


0.4 


12.8 


1.6 


25.6 


1-3 


28.0 


1.0 


14 5 
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expert adaptation, to the regimen of each stream and accompanying 
local conditions, of that especial method or combination of methods 
of improvement which will secure the required results at a maximum 
economy, which must be worked out for each case. 
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power is no longer capable of carrying the load, and the embank- 
ment of the river 59 greatly restricts the area available for the in- 
evitable deposit that its more rapid accumulation in the river bed 
accentuates the phenomenon. Such conditions exist in the lower 
portion of the Reno and Adige of Italy, as well as at parts of other 
rivers of the world. In fact, there are also various circumstances 
under which the process of adjustment of a river to a modified regi- 
men involves a local rise of its bed. Furthermore, the alternating 
fill and scour, which accompanies the rise and fall in stage at any 
point of an alluvial stream is of course a manifestation of responsive 
fluctuations that have nothing to do with permanent tendencies. 
The general effect of levees in causing a lowering of the bed of the 
stream is, however, a result which is usually so very gradual in its 
evolution that it actually must be considered a factor of minor im- 
portance in connection with the construction of levees. 

A relatively more marked eflfect of embankments, which is more 
rapid in its progress although really quite moderate in its rate of 
development, is the tendency to produce a greater uniformity of the 
channel dimensions. This is most clearly indicated in the com- 
parative surveys of the Mississippi river already mentioned. In 
general it was found that the bed of the river at the shoal portions 
was lowered, and in the pools it was raised. There was also evident 
a systematic enlargement of the river channel, in its gradually 
developing endeavor to respond to the increased duty put upon it, 
which occurred principally in that part extending from the low water 
surface to the top of the banks. Typical values of the average 
amount of enlargement are ^.2 percent between the mouth of the 
Arkansas River and Vicksburg in fourteen years; 2.2 percent be- 
tween Scot Bluffs and Donaldsonville in fifteen years, but 3.7 
percent in a two-year period which includes the double influence 
of the engorging effects produced by two seasons of unusually mod- 
erate stages preceding the first of the comparative surveys and by the 
flushing effect of the extraordinary flood of 1897 which preceded the 
later survey; and i.i percent between Donaldsonville and Carrollton 
in four years, a result which is similarly affected by the scouring flood 
of 1897. Local changes of much greater magnitude have been ob- 
served; as at Wilson's Point, where the increase of area amounted to 
more than 16 percent in nine years. ^ Another kind of evidence, 

* Transactions, American Society of Civil Engineers, Vol. 35, p. 369; 
correspondence on "The Discharge of the Mississippi River" by William 
Starling. 



336 THE REGULATION OF RIVERS 

ual its changes in direction, the less is its exposure to disintegration 
in this way. Another feature, sometimes of great importance, is the 
determination of the advantageous point of crossing the deep valleys 
of tributary streams. In all these considerations an intimate 
knowledge of the characteristics of the river when in flood, and a 
keen insight into the effects that will be produced by each detail 
of the project, are most valuable assets in securing an adequate 
location. 

While giving chief place to the paramount advantage of defense 
against inundation, there are accessory interests that are important. 
A complete system of flood protection always requires adequate 
drainage arrangements; and, if these are extensive, their cost may 
often be favorably affected by the simultaneous consideration of 
this feature. The influence, also, that each detail of a proposed 
location will have upon the local and general regimen of the stream 
is receiving an increasing amount of attention particularly because 
the improved navigability of the river is indirectly involved to some 
extent. An adequate recognition of all the conditions and interests 
affected by a proposed location of levees will unquestionably insure 
their most complete serviceability, and therefore becomes the true 
measure of advantage of any project. 

However, it is a fact that the direct requirement for flood protection 
generally dominates all other considerations. Topographical fea- 
tures and the exigencies connected with reconstruction of previously 
existing levees exercise a particularly persistent control upon the 
present lines, often rendering it economically impracticable to secure 
the approximate parallelism and regularity of outline that is theo- 
retically desirable. This situation is well indicated by Fig. 89,^ 
showing the main embankments of that part of the lower Mississippi, 
in the vicinity of the famous Greenville Bends, as they were in service 
six years ago. The spreading of the levees to include great loops of 
the stream as well as old lakes, and some portions of lines that have 
been abandoned because of the encroachment of the river upon 
them, are features which are especially noticeable. Piecemeal 
construction is responsible for a large part of the minor irregularities 
that are apparent. The changing position of the stream, due 
to the continuing erosion of its concave banks, is also indicated. 
The minimum width of foreshore on the Mississippi is intended 
to be a distance that will represent about twenty years of erosive 

* Report, Chief of E)ngineers, U. S. A., 1908, p. 2776. 



338 THE REGULATION OF RIVERS 

action before a caving bank reaches the levee. The width of 
batture on the River Terek, of the Russian Caucasus, varies 
from 150 to 1650 ft., depending on exposure; and its least width on 
the rivers of Holland varies correspondingly from about 250 ft. in 
small rivers to 600 ft. or more where conditions are especially 
unfavorable. 

The dimensions of an embankment are primarily a function of its 
height, and this of course depends upon the elevation above its 
base that the confined flood waters will reach. When levees are 
first built the only available method of estimating the surplus rise, 
that will result from their construction, is that of hydraulic computa- 
tion in which the volume of maximum discharge naturally flowing 
between the proposed levee lines is to be increased by the amount 
of flow heretofore passing over the protected area at the same time. 
The elevation thus obtained can be considered as only tentative, 
both because of the approximate character of such computations, 
as indicated by the general principles discussed in Articles 20, 27, 
39, 40 and 41 of this book; and also for the reason that the additional 
volume to be provided for is very difficult to estimate, especially 
if the area from which it is to be excluded is quite broad or irregular 
in cross-section. 

During the period covered by the rapid construction of levees 
there exists the significant opportunity to obtain with closer approxi- 
mation the values of the observed volumes of flow and of the factors 
of the hydraulic formulae, and so to attain a more correct determina- 
tion of the extreme flood height. There also occurs the decided 
advantage of securing an independent estimate of that height, based 
upon the observed elevations attained by it under the new conditions, 
thus permitting the establishment of a provisional grade of much 
reliability. In fact, as the embankments become more effective in 
confining the flood flow, an increasing reliance is placed upon the 
indications afforded by the gauge readings as the stage reached at 
such times is adjusting itself to the new conditions. 

However, the practical determination of a provisional flood eleva- 
tion between levees, during their development, includes many con- 
siderations that require substantial evaluation. The velocities 
and volumes of the observed high waters are to be compared to those 
of the probable maximum discharge. The effect of crevasses in 
lowering the stage, where they occur, and in raising it unduly where 
the overflow returns, must be allowed for. This is generally done 
by extending the hydrograph of gauge heights, as a smooth curve 
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soils leads to the conclusion that it is often possible to reduce the 
permeability and increase the stability of embankments by a certain 
amount of control of the methods of construction. However, the 
requirements of economy rarely allow any considerable separation 
of the better materials from the poorer, for the purpose of controlling 
their advantageous placing in the levee; although some Holland 
dikes have a layer of clay on the river face as an impermeable cover- 
ing of the core of sand, and the methods of construction used upon 
many levees of the Sacramento valley have permitted the entire 
encasement of the body of sand by a firmer earth. Those measures 
that do not materially increase the expense of construction will 
often permit some reduction in cross-section. 

Probably the best criterion available for judging of the sufficiency 
of a levee is the slop)e of its line of saturation. The steeper inclina- 
tions are characteristic of the less permeable or better drained em- 
bankments; and because their stability is not secure when that slope 
of saturation emerges above the base on the landward side, it is 
evident that the width of a homogeneous levee may be reduced by all 
available methods of construction or choice of materials that will 
have the effect of increasing that slope, unless the foundation is de- 
fective. Its minimum average inclination in the levees of the 
Mississippi is usually between i on 4 and i on6; but it fluctuates 
much, especially on account of the varying quality of the earth 
composing them and its manner of placing, and also with the dura- 
tion of the high water period. The latter factor sometimes of itself 
makes necessary a broader section than would otherwise be required; 
as on the same river, where the duration of stages reaching above the 
natural banks often continues from fifty to a hundred days and 
sometimes amounts to 50 percent more, although the period of 
full exposure rarely exceeds two months. The actual mean surface 
of saturation within the levee is curved in transverse section, v/ith 
its river end at the surface of the water where its slope is quite steep, 
Ihe inclination gradually reducing as it is followed into the embank- 
ment until it approaches horizon tali ty in the vicinity of the inner 
toe.^ As the high water is prolonged the radii of curvature lengthen 
and its position consequently rises, thus saturating a greater portion 
of the levee and gradually reducing its stability. 

A horizontal width of crown of several feet is necessary, both to 
preserve the crest from a progressive degradation and to allow suf- 

* Transactions, American Society of Civil Engineers, Vol. 39, p. 236; "Stand- 
ard Levee Sections" by H. St. L. Copp6e. 
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side slopes may be correspondingly steeper when the banquette 
is employed and the volume of earth is placed where it is particularly 
effective. 

In the consideration of a levee built of materials of such irregular 
composition and qualities upon foundations varj'ing so much in 
character, where the methods of construction that are available for 
securing increased eflSciency are limited, in order that the distribu- 
tion of material as governed by the form and dimensions of cross- 
section will combine a maximum of effectiveness with a minimum of 
cost, it is very evident that adequate design requires a particularly 
discriminating comprehension of all the essential features involved; 
so that each detail may be definitely adapted to the special condi- 
tions encountered. 

When noting characteristic dimensions of some of the important 
levees of the world, it is well to remember that they refer to the 
normal or usual proportions of each; being modified, as above dis- 
cussed, whenever local conditions require a departure from the typi- 
cal values given. It is a ver>' general practice to use steeper slopes, 
or to omit the banquette, on embankments of moderate height; 
under favorable conditions both expedients are allowable. In Europe 
they frequently have a considerably greater width at the top, mainly 
because of their frequent use for roadways; but this is often accom- 
panied by steeper side slopes. Experience has been the chief factor 
in arriving at the dimensions employed. 

The great levees of the lower Mississippi ordinarily have a crown 
from 6 to 10 ft. in width, and side slopes of one on three. The top 
of the banquette is about 8 ft. lower, and it has a landward 
slope of one on twenty to one on ten; its width varies from 20 to 40 
ft. and its side is built to an inclination of about one on four, as illus- 
trated in the preceding figure. Not a few of the embankments of 
the lower basins omit the banquette; and, instead, increase their 
inner slope to about one on four, and sometimes to one on six for 
the higher ones. The levees of the upper Mississippi and the tribu- 
taries, being smaller. and generally of a better material and less 
severely taxed, have usually a crown width of 5 or 6 ft., a river slope 
of about one on three and a landward slope of one on two or two on 
^ve; with no banquette except in special cases, such as at the crossing 
of deep affluents. 

The larger river dikes of Holland frequently are from 12 to 25 ft. 
wide on top, the inclination toward the river ranging from one on 
two to one on three; and at the opposite side, from two on three to 
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and partly to insure a more definite bonding of the old to the new 
and diminish the danger of leakage by filling the trench with the 
best material obtainable at the locality, thoroughly tamped into 
place. Breaks have occurred from lack of their sufiSdent employ- 
ment; and instances have been reported where their adoption has 
signalized the success of levees when similar ones in the same locality, 
without them, exhibited a dangerous amount of seepage. On the 
lower Mississippi they are frequently 8 ft. deep, 12 ft. wide at the 
top and 8 ft. wide at the bottom; although there, as well as in other 
parts of the country, their dimensions often do not exceed half 
those given where there exists a superior quality of earth. On 
the contrary in cases of especial importance, muck ditches have 
occasionally been made 50 percent larger; and in Holland, where 
they are sometimes employed, they are filled with clay puddle ex- 
tending downward to clay substratum when its depth is not too great. 
Unfortunately a firm, imper\'ious foundation is generally beyond 
reach on the lower Mississippi. Test pits are resorted to if the 
actual character of the soil requires further examination. 

The earth for a levee is taken from shallow borrow pits on the 
river side of its location. Experience has led the Mississippi River 
Commission to specify a minimum distance of 40 ft. between the 
toe of the embankment and the nearest edge of the borrow pit in 
order to minimize the danger of erosion; and to limit its side slope 
to one on two, and its depth to 3 ft. at this edge and to 6 ft. at the 
side next the river, with a gradual slope between, for the additional 
purpose of reducing to a small amount the danger of weakening the 
levee foundation or of increasing the seepage underneath. On 
smaller rivers and under circumstances of less severity, the require- 
ments are not so extensive; as on the upper Mississippi, where the 
minimum width of berm is usually 20 ft. ; in Holland the corresponding 
distance is 33 ft. In order to further discourage erosion, resulting 
from the excavation acting as a convenient channel for a parallel 
river current that might endanger the levee by its rapid enlargement 
at times of high water, it is customary to interrupt its continuity 
by prohibiting the disturbance of the batture at intervals. The 
traverses, thus left, separate the borrow pits quite definitely, and 
sometimes even induce a deposit of silt that gradually fills them. 
Meanwhile the depressions are drained by cutting a ditch from their 
lowest edge outward. The prescribed interval between traverses 
must not exceeed 300 ft. on the lower Mississippi, their top width 
is at least 10 ft. and they have side slopes not steeper than one on two; 
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subject to erosive action that levees can be built upon them as spoil 
from dredges working in the stream. Much construction of this 
kind, along the lowlands of the Sacramento River, has been done by 
clamshell dredges with buckets having a capacity of about s cu. yd. ; 
but the sandy silt from the river bottom, placed near the bank, has 
often been less stable and resistant than was found desirable. A 
recent levee of the Natomas Consolidated District, averaging 15 ft. 
in height, was planned to minimize these objections by locating it 
150 ft. from the edge of the river and protecting the body of the 
embankment by a crown and sides of a firmer earth. Drag line 
excavators, having booms 100 ft. in length, built side dikes with the 
material drawn laterally from a rather wide and deep cut-oflF trench 
extending along the center line of the proposed levee. Into this 
wiLs carried the spoil from a hydraulic dredge excavating in the 
river channel, the discharge pipe being carried to the site upon trestle 
bents. After the sand fill had reached the necessary elevation it 
was covered by a layer of earth drawn up from the excess height of 
the side dikes {)reviously placed. The sand core is the most inex- 
pensive material for the body of the levee, and it also prevents the 
somewhat dangerous operations of burrowing animals. The cost 
is stated to be about 8 cents per cubic yard.^ Such levees, made 
from dredged material, are often given a considerably broader crest 
than those built by dry excavation. 

The stability of levees is frequently increased by reducing the 
extent of their saturation by drainage. A ditch properly located 
along the inner foot of the embankment is often of much service 
in preventing the danger of its failure by sloughing. Occasionally 
tile drains have been placed beneath the inside edges, with excellent 
results. The opportunity, thus available, of increasing the stability 
of levees at times of greatest stress and least resistance, is an auxiliary 
advantage of real importance. 

The employment of an imp)er\dous diaphragm, extending from 
top to bottom of the embankment or below, and situated as far 
from the inner side as is practicable, has often been proposed. This 
is intended not only to prevent the saturation of the material inside 
its position, and thus to make the stability of the levee so much 
greater that its dimensions might be reduced; but also to provide a 
barrier against the occurrence of continuous fissures or other chan- 
nels in or under the levee, through which streams of water would 
flow at flood times, appearing at the inside in the form of "sand 

* Engineering-Contracting, Vol. 41, pp. 492-93. 
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to regular slopes. On the lower Mississippi tufts of Bermuda grass, 
planted at intervals of about 2 ft., rapidly spread and soon form 
the very desirable dense sod. Blue grass and varieties of fescue 
are more effective in more northern climates. In some European 
countries it is customary to remove the turf from the site of a pro- 
posed levee and preserve it for sodding the more important parts 
of the finished slopes; the remainder of the surface is then sown with 
clover and grass. In this country and in Holland, the growth 
of brush upon the embankments is discouraged because it is be- 
lieved to lessen the vigor of the development of the grass and to 
tend to loosen the surface soil; but this practice is by no means 
universal. For example, willows and similar growths are often 
planted on the side facing the river, and all herbage is encouraged 
in India because it is thought to most thoroughly bind the earth, 
and to furnish the most effective natural defense against the currents 
and waves at times of flood. Trees are everywhere kept from grow- 
ing on or near the levees because their roots loosen the soil; and, 
when they decay, channels are left into which the water penetrates, 
often to a dangerous extent. On the lower Mississippi, they are cut 
for a distance of a hundred feet from the embankment, at both 
sides. Trees are, however, an advantage when at some distance 
from the levee because they very much reduce the eroding force 
of waves and currents at high water. 

In places of especial exposure it is desirable to revet the outer slope, 
using methods similar to those decribed in Articles 66 and 67. When 
the width of levee permits, it is often less expensive to allow the em- 
bankment to form its natural flat slope of perhaps one on eight, under 
the action of the waves, than it is to incur the expense of revetment. 
When available, a covering of a cementitious gravel sometimes forms 
an excellent defense to the integrity of a levee; as in the valley 
of the Colorado River, where it was given a thickness of 15 in. 

A pr()i)er maintenance also requires a periodical repair of places 
on the crown or slopes that have deteriorated; especially the filling 
of depressions and the choking of cracks or holes, particularly on the 
outer sitle. In case the enlargement of a levee becomes necessary 
the material should be added to the river side after the ground and 
exposed slope have been prepared as described for original con- 
struction. It has frequently been found that old levees, which were 
seriously leaky, have been made comparatively impermeable by 
constructing a muck ditch along the outer toe, which is covered by 
the new material of the enlarged section. 
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into place. The ditches and other drainage facilities on the inner 
side should also be made effective. As the rising river reaches the 
levees, it is customary to arrange for the assemblage of the tools, 
apparatus and materials that may be needed hurriedly for emer- 
gency work, into supply depots located at intervals of a few miles. 
A patrol is also established, each inspector supervising not more 
than 20 or 25 miles of embankment so that no part of it shall 
escape his attention at least once a day. When the stage of 
the stream reaches the point at which any indications of weakness 
begin to appear, a sufficient force of men is assembled, under compe- 
tent superintendence, to be ready to proceed with the needed de- 
fensive operations; and watchmen are employed in constant scrutiny 
for the double purpose of detecting any sign of defects as soon as they 
may become evident, and of preventing the malicious cutting of a 
levee to relieve the strain elsewhere. In Hungary, the watchmen 
cover an average distance of 3 or 4 miles, each; and on the lower 
Mississippi, each one patrols from 2 to 5 miles, the length depending 
upon existing conditions; places of developing weakness require 
the attention of workmen also. 

Usually the first unfavorable appearance is that of small streams 
of water issuing at the base or from the surface of the ground inside 
the levee, or else from the lower part of the embankment itself. 
Experience has shown the fact that these are not generally dangerous 
as long as the water flows clear; but a muddy appearance indicates 
an enlarging channel which may very quickly develop into a breach, 
especially if the vein is several inches in diameter, or is smaller but 
traverses a quite sandy or loamy earth. Often such channels, in a 
clayey soil, gradually become choked naturally; and sometimes 
this action may be materially assisted by dumping earth on the out- 
side of the levee where the river current is not too strong, if the 
outer end can be located. Occasionally sheet piles can be driven 
on the river slope to intercept the underground stream; but this 
procedure, like all others connected with emergency operations at 
such times, must be subject to experienced supervision to avoid 
the danger of aggravating the difficulty instead of terminating it. 
Other devices at the outside have occasionally proved successful; 
such as various sorts of temporary cofferdam or bulkhead construc- 
tion in case the place of entrance is located. However, the usual 
method of dealing with such flowing streams or sand boils is to 
surround their inner end by a subordinate embankment of some con- 
venient material, situated not too close to the mouth of the one or 
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ends; or by weighted sheets of tarpaulin or canvas, similarly placed; 
or l)y the employment of the more definitely eflFective construction 
of brush matresses sunk just above and made secure; or by spurs 
of timber cribs or rows of piles filled with brush and weighted usually 
with sacks of earth, built outward at a considerable angle from the 
uninjured part of the levee for a distance that will prevent its further 
cutting by the swirling currents. 

The more usual method employed for closing crevasses is that 
of several rows of piles thoroughly braced, usually curving outward 
upon the batture from ix)ints safely back of the exposed ends of the 
levee, and filled with sand bags or weighted brush or fascines. The 
successful closure of the Hymelia crevasse in 191 2 was finally 
effected by a thoroughly braced system of j)iles in which heavy sheet 
piling on the outer row was substituted for a solid fill.* Timber cribs 
are also sometimes used. Occasionally the site of a crevasse is 
accessible from a railway, and in such cases its equipment may be 
advantageously employed; as in the case of the final closing of the 
Heulah crevasse in 1913. A trestle was built above the line of 
escaping waters, upon which a temporary track was laid to allow 
the (lumping of material from the cars.* After filling the width of 
1 148 ft. with about 48,000 cu. yd. of stone, the moderate flow 
through the rock fill was completely checked by the dumping of 
about 145,000 cu. yd. of earth upon its river slope. 

'J'he closing of great crevasses on the Mississippi River has cost 
from $.^0,000 to $ioo,oco each, or from about $50 to $100 per foot. 
Their occurrence will become verv rare when the levees shall be 
com])lete(l, but even such large emergency expenditures are justified 
by the immense ])roperty values ailected. 

^ Profcssioniil Memoirs, Vol. 5, pp. 57-77- 
2 KiiKincerinj; Record, Vol. 68, pp. 4-6. 
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in discussing the shape and sequence that should be given to the 
longitudinal curvatures of the river, and the preponderant influence 
of the concave bank (whether natural or artificial) upon the channel 
as the current flows along that margin in its onward course. The 
fact that effects of great moment result from the character given 
to works of regulation has also appeared in connection with the un- 
satisfactory consequences attending the construction of such works 
as bank heads and many s[)ur dikes, their inability to produce regu- 
lar and stable channel conditions resulting from the fact that they 
obtrude prominent obstacles at considerable inter\*als which enor- 
mously localize and concentrate the constraint, instead of applying 
the more reasonable principle of a continuously operating influence 
whose intensity at any i)Iace is therefore comparatively insignificant, 
and whose modifying etTects are consequently gradual and regular, 
as practically accomplished in revetment. 

The significance of a directing control of the current has alsc been 
evident in many other instances, such as the intimate relation exist- 
ing between the channel conditions at any point and the exact 
character of the influences occurring for a considerable distance, 
es|)ccially of those above. The partial ineffectiveness of many 
works of regulation is often due largely to changing conditions up- 
stream, which may produce great effects even though the cause is 
comi)aratively as obscure as the throwing of a railroad switch which 
carries the train to another region. 

Not only will investigation and experience perfect the known 
methods of regulation, but new ones will undoubtedly be developed. 
The ])robabiIity of such eventualities is not only indicated by the 
remarkable evolution characterizing operations for the improvement 
of the navigability of rivers up to the present time, but also by some 
recent (levelo])ments. One of the latter, which may result in the 
assistance or even the displacement of the present standard method 
of widening a river channel that is too narrow but unnecessarily 
decj), by the use of sills, has been a subject of study by the Royal 
Experimenting Establishment for Hydraulic Engineering and Ship- 
building at Berlin. The experiments* on the models included in- 
clinations of the concave bank varying from very steep ones to those 
which were cjuite flat. With slopes of i on 2 or less the chan- 
nel was characteristically deej) and narrow; but at less inclinations 
than these there was a considerable reduction in maximum depth 
and a marked movement of the deep water away from the concave 

* Ztrilschrift fiir Hiiuwcsen, JahrKang lAT, S. 337-338, and LVII, S. 70-71. 
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of the river is the fuiulumeiitul requirement of successful regulation, 
so that its energy may he discriminatingly directed to the advan- 
tageous mohling of the channel instead of either leaving it to its own 
eccentricities or expecting it to complaisantly conform to an arbi- 
trary constraint which may be unsuited to its regimen, and so 
]>rove inetTectual. 

89. Present Tendencies in the Regulation of Rivers. — Since all 
authorities ])racticai!y agree upon the fact that the longitudinal 
channel form of natural streams should consist in an advantageous 
succession of curves, there is undoubted pertinence in the proposition 
(of those who insist upon always regarding the training of the cur- 
rent as fundamental ) that the etTorts of design should be concentrated 
u|)on making the concave margin a true director of the current so 
as to elTirtively hold the concentrated tlow in a regular course. 
ThoM' who apply the metliod of complete contraction agree in 
theory, but t'ind that the laws expressing the relation between lon- 
gitudinal curvature, velocity and volume of the stream, depth of 
channel, etc., are not yet formulated so that the design of the pro- 
posed <lirc( ting margin caFi be detinitely relied ujxm, leaving the 
opposite vidr to adju>t itself naturally; and therefore they believe 
that the safe way \> \n plan the entire cross-section. The fact seems 
to be that, while there is urgent need for such laws to be experi- 
ment all v determined, enough is now known to justify reliance upon 
a single loFit rolling margin through(Uit the greater part of the course 
ol the riser, when carefully desjgiu'd according to the best practice 
<if the present; and ii>nse(iuently it is only such uncertain places 
as I hi' iit'ssings and those stretches whose form makes financially 
imprai ticable the employment of the advantageous curvature 
th.it mav really retjuire the rigid tixing of both margins. Many 
artnal rxperiemes corri»borate this contention. One such notable 
i-\an»ple is olTered by a ]>ortion of the (laronne which had been im- 
piovril in tlu" ^ixlli decade of the last century by a continuous sys- 
tem ol ionti.uli»»n works; but a score or more of years afterward 
the etij'.ineei in rharge. who was for a U»ng time a leading authority 
on the n'gul.itioii of rivers, not only >tated that they might have 
be*Mi tunilli'il Mom the i"onve\ side except at the shoal places, but 
tli.it the tloiiblr line was not always necessary at the crossings, as 
an a|»piopii.ite design of loncave curvatures may accomplish the 

puil»o-.e. 

In the pnsrnt l.n k of deiinite knowledge CiMuerning the laws of 
eonliol ol the ii\er currents, the uncertainly of securing positive 



y/< 



f : . — ■ 



V 



• t 



• y 






^ «M s ■ a • 



I • 



I:. 



( / 



* • / ' •! • 
- ■ • # ■ 



4 ..,.,. 






I 






I ■ # ■ •■■■ #««VB • 9 

»', li'il'l Ml' ' iff'/J i.«;ir it rii-ir/ir, ir. '.r'i'.r t.'> iivoi : u:.v u:-r.ect:>- 
.11, ' ';f.'<»itf.iiiof. fft v'loM'tir, v.liirlj v.*!!:!'! tei.d i^' make it? 
ij.i ij';il/ilii , in'iif 'liKiMjIi ;i[i'l v.onM f;nj-f: an inrrcascl ernsive 
.nii'iM Al»<r< it ifiki I li«- fi;^Iii h.ink, ari'l [ir'KJure ail excessive re- 
h'fiiii'l iiii'l «li .i|i;iiioii #;l I III- < iirniil fnu/i llii-. Irnver concave bank. 
1 III I :ir' iijl .i'l]u 1 fill III <if till- |i:fi;M}i r;f till-. ;.MiirJin^ mar;:iii was aI>o 
I ihii.il If'itli to If iiff ;i iif(i< init lr:iiiiihtf of the current into the 
iiih'.i I ImiiI I»i In/. ;ifi'l lo ii\n'n\ an r\(<-- of length which would 
.11 1 1 hill. ill ilii iiii|f I liiihiililf- f(-;it iiri ^. ju -t ni(-nti(inc(|, lu-rause they 
.III fill iiiiiii I ■ I II .1 . I III- iliiri liun iif flov\ iit this ])la(c i^ the more 
hi .III-, h'iiih.il I" III! Ii.ihl-., ami mi Mi:il.r llic (iiDtrol of the current 
iiinii ilillit III! Ill flu ii|i|ii-i piiil nl llir lower concave ]>ank. The 
■I illlul .iil|h I Ilii III III I III- inh\r\ niarfMM ii|i|M»ii(> is also necessary 
Ml iiiili I lu .mI< i|ii.ili t\ ir.li.iiii till- ii-IhmiihI of the waters from the 
liiwii itihi.iM li.Mil .Mill '-.i> 111 ilrlln I lliciii as to hrin^ them (]uickly 
williiii IIh- fMtiiliiifr iiiiiiiriiM' ttl the l.ittrr. The greater freedom 



378 THE REGULATION OF RIVERS 

however, be limited to even this considerable degree of serviceable- 
ness; but the theoretical principles of river regulation ought to be 
kept equally in view, so that the adopted plans will assure a maximum 
practicable training effect upon the currents. To secure this guid- 
ing influence of revetment, in connection with its protective service, 
requires only the definite planning of its location and outline in addi- 
tion to the usual procedure which generally ignores the latter very 
important factors. * 

There are other considerations which unite with those already 
mentioned to distinguish revetment as the most important character- 
istic feature in the complete improvement of the lower Mississippi. 
The navigation of the river is much easier and safer when the channel 
is at one margin that is regular in vertical slope and in longitudinal 
outline at all stages. The possible alternative of the extensive em- 
ployment of contraction works to deepen the channel is a question- 
able proposition because the magnitude of the river and the in- 
stability of its bed would produce a severity of attack which would be 
exceedingly difficult to resist; and consequently the recourse to this 
latter method may well be avoided as much as is possible. On the 
contrar>', because of its very form, revetment is the least vulnerable 
of all the types of structures employed in regulation and its founda- 
tion support is direct and continuous. It offers no obstruction to 
flow; in fact it encourages a steady run-off, rather than hindering it 
in the least. It also has the unique advantage of presenting an un- 
interrupted, and therefore a definite regularizing influence upon the 
stream at all stages when correctly placed, and so makes available a 
continuity of control which is of much importance. 

So great an undertaking as the permanent and radical improve- 
ment of the lower Mississippi River will require a long term of years 
for its accomplishment. Meanwhile the needed na\dgable depth 
will be maintained by dredging, and the protection of the valley will 
be afforded by bank defenses and by levees. It would notably de- 
crease the expense and time necessary for the attainment of that 
ultimate object if the revetment, which shall in the meantime be 
constructed from year to year, might as far as is practicable be lo- 
cated in such positions that the banks so held shall finally form in- 
tegral parts of that comprehensive design which will most advan- 
tageously affect the future channel dimensions. 

Such an anticipation of ultimate developments would decidedly 
assist in their accomplishment with not the slightest interference 
with the present serviceability of the revetment. Furthermore, 
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these results would involve no excessive increase in first cost; be- 
cause the salient parts of the banks, which project beyond the line 
of the desired margin, may await the time when the eroding action 
shall have suflSciently worn them away; and those parts which have 
already receded too far may be built out by inducing accretionary 
deposits in the manner discussed in previous chapters. Concurrent 
advantages of much importance would accrue during that period of 
persistent preparation, because of the deliberate opportunity so 
presented to attain a thorough knowledge of the regimen of all parts 
of the great lower river in its relation to the character of the train- 
ing works employed. 

The avoidance of excessive expenditures, whenever a great in- 
crease in depth of channel shall become necessary, will be in propor- 
tion to the opportunity given for a progressive adaptation of plans to 
local conditions, both as they naturally exist and as they will be 
modified as the works advance. The general method of practically 
executing that advantageous procedure would probably involve the 
administrative division of the river into individual reaches of con- 
siderable length, in each of which the permanent works of regulation 
would begin at the upper end; the extension down stream being made 
only when the effects of those completed parts on the channel had 
become fully manifest and favorably developed; and the added 
length being temporarily limited to the distance thus clearly indi- 
cated as having been brought to a condition of advantageous control. 
The completeness of the success attending such a marked increase in 
channel depth by regulation would therefore appear to depend par- 
ticularly upon the thoroughness with which the guiding influence 
of permanent works upon the powerful currents of this great river 
may practically and systematically be made to serve the purpose of 
its effective control. 
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Illinois River, 90, 91, 103, 122, 312 
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not liable for consequential 
damage, 114, 115 
grass planting, 349, 350 
height, 338-340 

above flood crest, 331, 340 
Holland, 313-315. 3 18, 326-328, 

333. 334. 344. 345 
irrigation, 334, 335 
law of damage from overflows, 

114. 115 
location, 335-338 
maintenance, 349-356 
materials, 341, 342, 347, 348, 

356. 357 

Mississippi River, 315-321, 324, 

327, 329-331. 334-337. 344. 

357. 358. 376-378 
muck ditch, 345. 346, 350 
overtopping defense, 355 
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Levees, patrol, 352 

Po River, 307-310,318,322,323, 

328, 345 
raising, 343, 355 
reservoir effect, 309, 339 
revetment, 349, 350, 355, 357, 

358 
roadways, 351 

sand bags, 353-358 

sheet piles, 349, 352 

shrinkage, 347 

silt deposit in front, 351 

slope of sides, 343-345 

sloughing, 354, 355 

sluiceways, 332, 333 

spacing, 309, 313, 315-317. 33^, 

337 

standard Mississippi River sec- 
tion, 343, 344 

subsidence, 341 

surface of saturation, 342 

Tisza river, 310-313, 318. 322, 
328, 329, 333, 345, 356 

wave wash, 355 

width of crown, 344, 345 

willows, 350 
Limitations of riparian ownership, 

113-115 
Locating soundings instrumentally, 

97-102 
the improved channel, see 
"Alignment of channel." 
Loire River, 122, 129, 153, 197,208, 

215, 318, 321 
Longitudinal dams, see "Training 
walls. " 
dikes, see "Training walls." 
Loss of time due to current velocity, 

153, 154 
Lower groynes, see "Sills." 

Low water, reduction of soundings 

to, 103-105 

flow originates from seepage, 43 

stage and the forest influence, 

47-56 
storage reserv'oir relief, 59, 

62-65 
surface, controlled by sills, 

228-230 



Low water surface, depression causes 
shoals, 142, 150 
modified by contraction, 139- 
142, 149, 150, 220 
Lumber, 355, see also "Timber." 
mattresses, 258-260 

Maps, 91, 105, 106 

Mathematical theor>' of lateral con- 
traction, 137-139 

Mattresses, 188, 189, 206-208, 211- 
214, 237, 238, 241-260 
ballasting and sinking, 248, 249, 

253. 255, 256, 260 
built on ice, 256 
connecting, 254, 255, 265, 266 
costs, 266-268 
decay, 245, 254, 265 
efficiency, 244, 256-258 
fascine, 250-253, 255-258 
frameti, 253, 254, 256, 258 
in levee defense, 355 
lumber, 258-260 
reinforced concrete, 264-266 
woven, 245-250, 254, 255, 258 

Maximum velocity, and stability, 

155 
compared with mean velocity, 

153 
of navigable current, 152-155 

Mean velocity compared with bot- 
tom velocity, 139 
with maximum velocity, 153 
with surface velocity, 153 

Merrimac River, run-ofT and forests, 

53, 54 
Meusc River, 122, 153, 216, 314 

Minimize variability of velocity, 37, 

143-145, 176, 360, 361 

Minimum widths of channel, 152 

Mississippi River, characteristics, 

104, 116, 134. 300-302, 

315, 316, 375 
comprehensive improvement, 

129, 130, 375-379 
contracting works, 197-208, 

216-218, 222, 223, 376, 378 
dredging, 221, 222, 279-293, 

297-299 
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Mississippi River, levees, 315-321, 

324. 327, 329-331, 334-337, 
344, 357, 358, 376-378 
methods of improvement, 123, 

124, 222, 223, 227 

reservoir capacity of the water- 
way, 58, 339 
revetment, 244-267 
silt and sediment, 81, 82, 84, 

377 
spur dikes, 237-244 

storage reservoirs at head- 
waters, 62-64 

study of regimen, 150, 151 

traffic rates, 9 
Missouri River, 81,82, 121, 190-192, 
209, 216, 218, 234-236, 265, 

266, 371-374 
Models, experiments, 161-172, 187, 
188, 231, 362, 363 
scale of reduction, 161, 162, 165, 

166, 172 
verification of adequacy, 161- 
163, 168, 169 
Mohawk River, 125, 133 
Monongahela River, 15, 16, 18, 19, 

32, 33, 122 

National pike, 3 

Naturally navigable great rivers, 

116 
Navigability affected by levees, 325- 

327 
Navigable maximum velocities, 152- 

155 

waterways under federal con- 
trol, 110-115 
Navigation, aided by storage reser- 
voirs, 59, 62-64 

and flood protection interests, 

33, 45, 59-65, 325-327 
and irrigation interests, 33, 45- 

47 
and land drainage interests, 33, 

45,46 
and water power interests, 33, 

45, 63 
Nile River, 44, 81, 122 



Observation of current character- 
istics, 109, 143, 144, 156, 

157, 364, 365 
Ocmulgee River, 7, 32, 98, 102, 121 

Oder River, 59, 121, 124, 129, 173, 

189, 322 
Ohio River, 12, 15, 16, 18, 19, 122, 

125, 126, 128, 216 
Orange peel dredges, 273, 274 
Ottawa River storage reservoirs, 64 
Outline of channel, see "Alignment 

of channel; Regimen. " 
Ownership, limitations of riparian, 

113-115 

Paris flood of 19 10, 38, 39 
Paving the graded bank, 262-267 
Permeable groynes, 190-210 
training walls, 190-210 
Petite Riviere A rtificielle de Bordeaux, 

161-163 
Pike, national, 3 

Piles, 195-197, 199, 201, 202, 209, 
210, 256, 358 
hydraulic, 283 
Pittsburgh flood commission, 61, 68 
Po River, 81, 122, 307-310 
Porosity of earth, 38, 41-43 
Power, water, 33, 45, 59, 63, 114 
Precipitation, 36-38, 42, 48, 49, 56 
Protection of eroding banks, see 
"Bank protection; Mat- 
tresses; Paving; Revet- 
ment. " 
Public works justified by benefits, 

I, 2, 33-35, 128 
Pumping for drainage, 333, 334 

Radius of curvature, 1 59, 1 85, 1 86,223 

Raft, the Red River, 116, 117 

Railway capital, 3, 14 

rates, see "Rates on railways. " 
tariffs, adjustment in U. S., 8 
terminals, see "Terminals." 

Railways, adaptability to commer- 
cial needs, 5 
consolidation, 6 

coordination with waterways, 
25-27 
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Railways, development of commer- 
cial conveniences, lo 
government aid, 4, 6, 7 
improvement 01 equipment and 
service, 10, 1 1 
Rainfall, 3^3^, 42, 48, 49. 5^ 
Raking a gravel shoal, 270, 271 
Rates on railways, adjustment in 
\j . S., 8 
in Europe, 14 

modified by waterway competi- 
tion, 7-10, 12, 13, 32, 33 
on rivers, average in Europe, 14 
in the U. S., 15-17 
see also "Waterway transporta- 
tion." 
Rectification of channel, 222, 223, 

310-312 
Red River of the North, 60, 122 

raft, 116, 117 
Reducing channel depth by sills, 

227, 228 
Reduction of soundings to low water, 

103-105 
Regimen, 109, 143, 144, 149-151, 
156^-158, 219, 220, 233, 285, 
3^>3- 365, 370, 379 
controls plan of impiovement, 

145, 146, 184-186 
see also "Characteristics of 
channels; Cuirent observa- 
tions ; Hydraulic ele- 
ments. " 
Regulation, rivers so improved, 121- 
124 
when advisable, 120, 127, 131, 

132 

Reinforced concrete luinlles, 208, 
209, 218 
mattresses, 264-2(16 
paving of bank, 263, 264 
Reservoir cai)acity of Mississippi 
RivtT channi'l, 58 
of tile Oreat Lakes, 57, 58 
efi"ect of levees of Mississii)[)i 
River, 339 
of River Po, 309 
Reservoirs, cai)acity, 59-65 
costs, 59-65 



Reservoirs, flood control in America, 
60-62 
in Europe, 58, 59 
Mississippi River storage, 62-64 
navigation assistance, 59, 62-64 
operation complicated, 65-69 
Ottawa River storage, 64 
run-oflf control, 56-69 
service varied, 59-66, 68, 69 
silt intercepted, 56, 57 
Volga River storage, 62 

Result, see "Effect." 

Revetment, 214, 241-268, 350, 371- 

373.376-378 
advantages, 244 

characteristics, 244, 245 

costs, 206, 266-268 

supplementing spur dikes, 241- 

244 
see also " Mattresses; Paving. " 

Rhine River, 13, 19-24, 34, 59, 121, 

124, 151-153, 189, 215, 

223, 301, 322 
Rhone River, 81, 121, 142, 153, 178, 

216, 219, 220, 228-230, 

301, 321 
Rings for warping, 152 
Riparian ownershij) limitations, 113- 

115 

Riprapping, see " Paving. " 

Rock breakers, 304, 305 
excavation, 223-227 
Rolling and dragging sediment, 79- 

85 
Run-oflf, 36-47 

forest influence, 47-56 

lakes equalize, 44 

natural retardation, 41-44, 49 

reservoir control, 56-69 

topographic influence, 42-44, 49 

variability, 39, 43-45 

see also "Absorption; Discharge; 
Evaporation; Flow; Trans- 
piration. " 

Sand boils, 352, 353 

waves, 84 
Saturation slope of levees, 342 
Savannah River, 121, 301 
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Scale of reduction of experimental 
models, i6i, 162, 165, 166, 
172 
Screen, willow, 191, 192 

wire, 191, 192 
Sediment, 79-85, 140, 141, see also 

"Accretion; Silt." 
Seepage, 42, 43, 333, 352-355 
Seine River, 13, 34, 123, 153, 321 
Service of railways improved, 10, 11 
Shoal Pond Brook, run-oflf and for- 
ests, 54, 55 
Sill dams, 5<je "Sills." 
Sills, 227-231, 361 

channel depths equalized, 228 

widened, 227, 228 
construction, 230, 231 
low water surface maintained, 

175, 228, 229 
sloping, 230, 361 
surface slope reduced, 155, 228, 

229 
velocities reduced, 155, 228. 229 
Silt, 79-88, 377 

amounts carried by some rivers, 

81,82 
equilibrium formula, 80 
intercepted by lakes and reser- 
voirs, 56, 57 
transportation by current, 

83-85 
transverse current efTccts, 78, 

79 
vortical flow eflects, 77, 78 

Sinking mattresses, 248, 249, 253, 

255, 256, 260 
Slope of bank affects channel form, 
362, 363 
of rivers contrasted, 301 
of saturation of levees, 342 
t^f water surface, see "Surface 
sl(>pe. " 
Sloping sills, 230, 361 
Sloughing of levees, 354, 355 

of river baiiks, 83, 2^H 
Small scale experiments, 160-173, 

187, 231, 362, 363 
Snags, 116-118 
Soil wash, 49, 50 



Solid groynes and training walls, 

190, 210-215, 217-219 
Soundings, 94-104 

instrumental location, 97-102 
reduction to low water, 103-105 
through ice, 103 
Spur dams, see "Groynes." 
dikes, 236-244, 362 
construction, 238-240 
cost, 240, 241 
design, 236-238 
effectiveness, 241-244, 362 
Spurs, see "Groynes." 
St. Aubert Bend, 371-374 
St. Lawrence River, 102, 123, 277- 

279. 299, 300, 303, 304 
Stadia location of soundings, 100- 

102 
Stage of river, affects erosion and 
accretion, 244, 359, 360 
causes of variation, 37, 38, 55 
should govern channel section, 

208 
synchronism is rare, 55, 56 
variations cause non-concord- 
ant flow, 244, 359-361 
Standardization of depths, 31 
St<mo, in contracting works, 189, 
190, 199-201, 209-215, 217, 
218 
in revetment, 248, 249, 255, 257, 
263 
Storage reservoirs, 5<'e " Reserv- oirs. " 
Stream rt(>w, general character, 36, 
37, 80, 81, see also "Dis- 
charge; Flow; Run-off." 
Stu<ly of regimen of rivers, 109, 135, 
145, 146, 150, 151, 156-159, 
244» 245, 374 
of the Garonne River, 146-150 
of the Mississippi River, 150, 151 
Submerged dikes, see "Sills." 
groynes, see "Sills." 
spurs, see "Sills." 
Suction <lre<lges, see "Hydraulic 

dredgi'S. " 
Surface elevation fixe<l by sills, 175, 
228, 229 
of saturation in levees, 342 
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Surface slope changes with stage, 
71-73. 104, 105 
effect of contracting works, 

139-142, 219 
modifietl by sills, 155, 228, 
229, 231 
see also "Hydraulic computa- 
tions." 
velocity, relation to mean ve- 
locity, 153 
Surveys, costs, 91, 93, 100-102 
geodetic, 89-91 
hydrographic, 91, 94-110 
topographic, 89-94 
Synchronism in stage is rare, 37, 38, 

55, 5^> 

Table No. i , volumes of discharge of 
some rivers, 44 

2, velocities causing transporta- 

tion of sediment, 82 

3, current velocities at which 

dragging begins, 140, 141 

4, hydraulic elements of various 

rivers, 143 

5, costs of dredging in Mississ- 

ippi River, 297 
Ten Islands Shoals, 175 
Tennessee River, 100, 10 1, 121-123, 

132, 133. I52p 153, 178,215, 

217, 219, 226, 227 
forest influence on run-off, 52 
Terminals, railway, 10, 19 

waterway, 19-24, 26, 27 
Theory of channel contraction, 74, 

75, 137-139, 227, 228, 366, 

367, 370 
of current control, 135, 136, 156, 

157, 184-186, 230, 242, 

359-375 
Tiel improvements of Waal River, 

180-185 

Timber, 355 

cribs, 210, 211, 237-240, 253, 

254. 35« 
see ///.so" Lumber." 

Time lost from current velocity, 153, 

154 
Tisza River, 122 



Tisza River, characteristics, 312, 

313 
rectification, 310-313 

valley drainage, 333 

levees, 310-313, 318, 322. 

328. 329, 333, 345, 356 
Tonnage and cost, 28 
and draft, 28, 29 
Topographic surveys, 89-94 
Topography affects run-off, 42-44, 

49 
Traction cables, 152, 153 

chains, 153 
Traffic density, 12, 17, 18 
Training dikes, see " Training walls. " 

walls, 176-219, 363, 364, see also 
" Contracting works. " 
Transpiration, 40 
Transportation, agencies, 2, 3 

see also "Railways; Rates; 
Waterway transportation. " 

of silt and sediment, 77-79, 

83-85 
Traversci currents, 78, 79 

dikes, see "Groynes." 

Trans verses, 174 

Trial works, 172, 173 

Tuscumbia bar, 226, 227 

Types of curves, 147-150, 159, 160 

Underground flow, 42, 43 

Variability of axis of flow, 359-361 

of run-off, 39, 43-45 

of stage, 37, 38, 44, 310, 313, 
314,316 

of velocity, 37, 74, 143, 144, 316, 
360, 361 
Velocity of current, maximum navi- 
gable, 152-155 

movement of sediment, 82, 140, 
141 

reduced by sills, 155, 228, 229 

silt-equilibrium, 80 

time lost, 153, 154 

variability minimized, 37, 74, 
144, 145, 176, 360, 361 
Verification of experimental methods , 
168, 169 



INDEX 



393 



Vistula River, 122, 189, 220, 221 
Volga River, 122, 124, 294, 295, 

300-302 
Volume of discharge of some rivers, 

44, 301, 302, 309, 310, 

313-316 
see also "Discharge." 
Vortical flow, 76-78 

Waal River, 121, 151, 152, 188,214, 
216, 217, 221, 228-231, 314 
the Tiel improvements, 180-185 
Warping rings, 152, 153 
Warrior River, 122, 222, 224, 225 
Water jet, excavation, 271, 272 

in grading the bank, 261, 262 
in hydraulic dredging, 280, 
281, 283 
power and navigation interests, 

33, 45. 63 
federal authority, 114 
Waterway improvements bring col- 
lateral benefits, 31-35 
estimate of advantage, 27-31 
terminals are essential, 19-24, 

26, 27 
transportation, density of traf- 
fic, 12, 17, 18 
disadvantages, 11 
see also "Rates on rivers." 
Waterways, coordinated with rail- 
ways, 24-27 
costs, 18 

early importance, 2, 3, 5 
federal control, 110-115 
Wattling, 195, 197, 201, 202, 209 
Weed, Brownlow, 190 

stifif, 190, 191 
Weirs, see "Groynes." 



Weser River, 59, 121, 152, 163-169, 
214, 216, 219, 234 
sills, 228-231 
Wicker work of brush, 192 

see also "Wattling." 
Width of channel, adjusted to stage, 
208, 326, 360, 361 
depends on curvature, 160 
effects of decreasing, 137-139, 
151, 152, 170, 171, 175-185. 
206-208 
gradually contracted, 171, 179, 

'I80-185, 188 
increased by sills, 227, 228 
minimum, 152 

see also "Alignment of channel; 
Characteristics of channels; 
Contraction of channel; 
Current control. " 
Willamette River, 123, 215, 216 
Willow growth, 204, 206 

planting, 193. 194, 268, 350 
screen, 191, 192 
Wing dams, see "Groynes " 
Wire screen, 191, 218 
Wisconsin rivers, run-off and forests, 

53 
Wood, decay, 190, 208, 237, 241, 

245, 254, 263, 265 

in groynes and training walls, 
190, 201-205, 210, 211 

in mattresses, 247-254, 258-260 

in spur dikes, 237-240 

see also "Brush; Fascines; Tim- 
ber." 
Woven mattresses, 245-250, 255, 258 

Yangtse River, 116 

Yssel River, 121, 216, 217, 314, 326 
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